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Background. Most IEEd in drinking water comes from 
premisa plumbing materials and lEa:! sarvice lines (LSLs). LSLs 
are generally the largest sourre of lEa:! in drinking water when 
they are pre;ent in public water systems.1 The 1986 S3fe 
Drinking water Act Amendments banned reN IEEd pipes in the 
potable water network, but a legocy of millions of partial or 
whole LSLs remains in many public water systems.2 Where the 
term "lEa:! corrosion" is U93d, it refers to the corrosion of lEa:! 
plumbing materials that result in the transfer of dissolved or 
particulate lEa:! into the drinking water. 

The LEEd and Copper Rule (LCR) S3111pling is intended to 
rn=:asure the lEa:! levels in drinking water to cm:ss the 
efi:ctiveneB of corrosion control trEEtment utili2Ed by public 
water systems (P/I/'2I::,) to minimize lEa:! in drinking water. 
P/II'2I::, are rEquired to usa S3111pling sites that are presumed to 
be the highest-risk sites for lEa:! rela:se, and to optimize 
corrosion control to minimize lEa:! levels at consumers' taps. 
Most published S3111pling studies typically focus on systems 
having high lEa:! levels or systems that have 6<perienced 
challenges in attempting to balanre LCR complianre with 
various other trEEtment or water quality objectives. Except for 
LCR compliance data, little published data exists or is available 
for systems that are considered to be operating with optimal 
corrosion control and meeting the lEa:! action le.tel (AL) in the 
LCR. This study focuses on a system that is considered to have 
optimi2Ed corrosion control using a blended phosphate, with a 
relatively stable water quality, and compliance results 
historically well below the IEEd AL. This situation is 
repre;entative of a large percentage of systems serving 
100,000 or more people that utilize orthophosphate or blended 
phosphates for corrosion control and the vast majority of 
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systems are meeting the lEa:! AL l:a:ecl on the current s:rnpling 
protocol in the LCR Additional information on the LCR and 
study is available in the Supporting Information (SI). This 
study fOCU93d on whether (1) the current LCR complianre 
S3111pling protocol adequately captures the pEEk lEa:! le.tels in a 
water system; (2) "preflushing" (PF) results in capturing lower 
lEa:! levels in S3111ples compared to s:rnples collected under 
normal household l..ISq:J8 (NHU) conditions; (3) a first-clraN 
S3111pling protocol appropriately determines the adequacy of 
optimal lEa:! corrosion control in water systems with LSLs; and 
(4) there iss:asonal variability in thes:rnpling results using the 
difurent s:rnpling protocols. 

System Information. The Chicago Department of water 
Management (CDWM) operates two similar conventional 
surfcm water filtration trEEtment plants serving approximately 
5.4 million residents, including th093 in 125 suburbs. Lake 
Michigan is the sole water sourre, with relatively stable water 
quality IEEVing the trEEtment plants and in the distribution 
system (Table 1). Before the LCR, CDWM utili2Ed pH/ 
alkalinity adjustment for corrosion control. CDWM switched to 
a proprietary blended phosphate at both plants betwEen 1993 
and 1994 which is still used a:; the primary corrosion control 
trEEtment. 

The LCR rEquires public water systems to collect lEa:! 
S3111ples using a first-draw (FD) s:rnpling protocol, and s:rnples 
were collected almost exclusively from single-family horre; with 
LSLs a:; rEquired by the LCR s:rnple site selection rEquire-
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Table 1. Water Quality Data 2011 

outlets distribution 

parameter min max min max 

temp ("C) 4 24 5 23 
turbidity (NTU) 0.1 0.2 0.1 0.4 

pH 7.5 7.8 7.7 7.8 
Cl2 residual (mg/L) 1.0 1.2 0.7 0.9 

total alkalinity (mg/L as CaC03) 103 108 98 108 
chloride (CI, mg/L) 16 20 17 20 

sulfate (mg/L) 29 31 29 30 

Ca (mg/L) 34 39 34 39 

P04 (mg/L) 0.4 0.6 0.5 0.5 

total P04 (mg/L) 0.8 1.1 0.8 1.2 
AI (j.Jg/L) 34 126 29 113 

Fe (j.Jg/L) <5 <5 <5 34 
Mn (j.Jg/L) <3 <3 <3 <3 

ments? Since the initial LCR monitoring, Chicago ha5 
exa:eded the lEa:! AL only once, during .ltly- December 
1992, with an avefql8 90th percentile compliance monitoring 
value betwEen 1999 and 2010 of 6 IJg/L (SI Table 82)_3 

The LCR rEquires 1-L, FD tap s:rnples of water that ha5 
stood motioniEffi in the plumbing system (i.e., ha5 stagnated 
within the plumbing) for at IEffit 6 h. The two variants of the 
FD S3111pling protocol currently used by public water systerrs 
are defined herein a:; the NHU first-draw s:rnple, where water 
is used in a normal household manner, and then allowed to sit 
motioniEffi in the plumbing for at IEffit 6 h before theS3111ple is 
collected; and the PF first-draw S3111ple, where the water is run 
from the s:rnpling tap for a specified amount of time 
immediately prior to the stagnation period. Howe.ter, the 
LCR dOES not provide specific details on water U33 during the 
stagnation period. 

Almost all p.,r.,JS:, in the U.S. rely on residents to collect 
compliance s:rnples under the LCR and there are difurenCES 
ocross the U.S. in how systerrs instruct rESidents not to U33 the 
water during the st<{!nation period prior to collecting the 
s:rnple. A review of example sats of S3111pling instructions 
provided to residents by larga p.,r.,JS:, in the U.S. found that 
some are instructed not to usa any water fran the tap to te 
s:rnpiEd during the stagnation period. Others are instructed not 
to usa any water in the I"DI..EEtlold. Prior to 2009, CDWM used 
the PF first-draw s:rnpling protocol, with a 5-min preflush 
preceding st<{!nation. Recent instructions to rESidents included 
not using water from the S3111pling tap or from any nEErby tap 
until the (postst<{!nation) S3111ples were collected, and to 
collect s:rnples a:; soon a:; possible after the minimum required 
6-h stagnation period. RegardleB of the S3111pling protocol, 
resident-collected S3111ples neGEffiitate the U33 of simple 
instructions and make it diffrult to ensure strict adherence to 
any s:rnpling protocol. In addition, the diversa premise 
plumbing materials and configurations (SI Table S1) represent 
varying etects of flow rates, hydraulic flow charocteristics, and 
possible lEa:! sorption/particle rela:m eft3cts on the shapES of 
the lEa:! gofiles, particularly with corroded galvaniZEd pipe 
locations. ·5 

1111111111111111 

Sampling Objectives and Protocol. Since the promul
gation of the LCR, new rESEErch on lEa:! corrosion ha5 shown 
that there are many mechanisms and water quality foctors 

Flint FOIA Production 12-120000039 

B 

involved.1
•
4

•
6 

-
11 Specifically, theS311lpling protocols used in this 

study were e.raluated to determine if 

preflushing biasES rESUlts; 
first-draw S3111ples, with or without preflushing, capture 
the "worst-am'' level of lEa:! corrosion under normal U33 

conditions; and 
s:asonal variability atects lEa:! concentrations (in this 
water system). 

Consistent with the LCR requirements and CDWM 
compliance s:rnpling, s:rnples for this study were collected 
by volunteer rESidents from 32 single-family rESidenCES, built 
betwEen 1890 and 1960, with LSLs. An additional 5 homES 
were S3111pled and determined not to have LSLs, and were 
therefore excluded from further S3111pling. All rESUlts are 
included in the Supporting Information, but the non-LSL sites 
were not used in the data analysis (SI TablesS4a, 85, 938, S3b, 
and ST). 

Information wa:; reqUESted on the specific plumbing 
configurations of a:dl s:rnpling site to a much grEEter extent 
than the regulatory rEquirements which simply require the 
plumbing material to be identified. This information, along with 
analy.:e; conducted for lEa:!, copper, iron, and zinc for a:dl 
S3111ple, focilitated a better understanding of the ob93rved water 
lEa:! levels. Residents were ffiked to (1) complete a plumbing 
profile identifying the kitchen tap and meter or internal shut-off 
valve, and (2) dEOCribe the internal plumbing, including any 
recent plumbing work (SI Figure S1 ). The information 
provided by residents along with the rESUlts of the four metals 
provided additional information on the saquenCES of plumbing 
materials, and the presence of in-line bra:;s plumbing 
components. CDWM provided the locations of water mains, 
sarvice line materials, work conducted by the city at a:dl 
rESidence (meter installation or repair, shut-off valve repair/ 
repla:Je!'TBnt, sarvice line look repair, street excavation), and 
monthly water U33 data for rESidenCES with water meters. The 
information provided by CDWM on water main locations wa:; 
used to rra:sure the distance from the water main to a:dl 
rESidence, and internal plumbing information provided by 
rESidents wa:; used along with the rra:sured length from the 
water main to the rESidence to approximate the LSL length (SI 
Table S1). 

Residents were provided with written s:rnpling and reporting 
instructions for a:dl s:rnpling event (SI FigurES S41-S45). 
One-liter, high-density polyethylene (HOPE), wide-mouth (5.5 
em, 2.2 in.) s:rnple bottles were used to collect all S3111ples. 
Residents were instructed not to remove oorators prior to 
S3111pling and not to collect s:rnples after point-of-usa or point
of-entry trffitment deviCES. 

Several prior studies have suggested that significant 
contributions of particulate-a;sociated lEa:! can be mobiliZEd 
a:; a function of flow rate and turbulence in certain water 
chemistries, though studies have not developed predictive 
relationships to premise plumbing material, s::ale composition, 
and hydraulic flow charocteristics.6

·
10 

-
15 To try to ochieve the 

most aggreBive high flow conditions under rEEiistic field 
conditions, residents were instructed to collect all S3111ples by 
slowly opening the cold water kitchen tap until fully open. 
Upon receipt, the s:rnples were inspected by EPA for visible 
particulate matter prior to delivery to the laboratory. 

For all first-draw S3111ples, rESidents were instructed not to 
usa any water throughout the household (i.e., no showering, 
Wffihing clothes/dishes, flushing toilets, etc.) during the 
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Figure 1. First round 163d results for all sites. 

minimum mandatory 6-h stqJnation period. In this study, PF 
s:rnples include a flush of at lEaSt 5 min prior to the mandatory 
minimum 6-h st<{lnation period. A NHU s:rnple had no 
preflushing prior to the mandatory minimum st<{lnation period. 
Residents were instructed to allow the water to sit motionless 
in the household plumbing a minimum of 6 h, but not more 
than 24 h, and to record the dates/tirre; the taps were flushed 
prior to the st<{lnation period, and the dates/tirre; s:rnples 
were collected following the st<{lnation period. First-draw 
s:rnples using both variants (NHU and PF) were collected in 
the first and third rounds of monitoring in March/April and 
September/October, respectively. Additionally, 45-s flushed 
s:rnples were collected in the first round to evaluate whether a 
s:rond-draw S3111ple more accurately captured the le.tel of 
corrosion. Thrre-min, 5-min, and 7-min flushed S3111ples were 
collected in the third round ofS3111pling to provideguidanre to 
volunteers when high lead le.tels were found (SI Table 87). 
This information can also be used to provide site-specific 
guidanre on minimum flushing tirre; necessary to redure 
consumer exposure to lead in drinking water. 

In the first round ofs:rnpling, m:;h resident collected a NHU 
first-draw S3111ple and then a s:rond-draw ( 45-s flushed) S3111ple 
after allowing the water to run for 45 s. On the s:rond day, 
residents collected a PF first-draw S3111ple and then a s:rond 
45-s flushed samrle. EPA's current Public Notification 
Handbook advis:s1 residents to run the water 30 s or until 
it turns cold before consuming, if the water ha5 not been used 
for an unspecified "extended period of time", which can result 
in higher lead le.tels at the tap for consumers. It ha5 also been 
pre.tiously demonstrated that in some situations, this advioe can 
cause residents to consume the worst-case water sitting 
st<{lnant in the LSL.17 (Figure 1) 

Sites 14, 15, 16, and 37 were verified as not having LSLs and 
were excluded from further s:rnpling. Site 2 was verified a; not 
having a LSL following the • .lme 33quential s:rnpling and was 
excluded from the final round of monitoring. The 45-s flushed 
s:rnpling was dis::ontinued following the March/ April s:rnpling 
first round due to the presence of se.terely corroded galvanized 
pipe in some of the residences (SI Figure S4) which redured 
the inner pipe diameter, restricting water flow and resulting in 
varying volurre; of water flowing through the plumbing for the 
same flush time. 

In June 2011 , m:;h resident collected a total of twelve PF 
33quential s:rnples in one day of s:rnpling. The first PF 
33quential S3111ple was also the PF first-draw S3111ple for the data 
analysis. All S3111ples were analyzed for lead, copper, zinc, and 
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iron. The co-occurrenre of the metals, along with plumbing 
details, was used in qualitative a:;se;srrents to correlate lead 
results with potential sources of lead in the plumbing network 
(SI Figure 93).4•

10 

In September I October 2011, a:£h resident collected a N H U 
first-draw s:rnple, and a minimum of 11 PF 33quential 1-L 
S3111ples. Sites with high lead le.tels in the pre.tious rounds 
collected an additional 3 or 4 PF 33quential s:rnples, and one 
site with a very long LSL (159ft, 48 m) collected an additional 
9 PF 33quential S3111ples. The additional PF 33quential s:rnples 
were collected to determine the point at which lead le.tels 
consistently dropped below the AL. All S3111ples collected are 
included in the S3111pling summary with the numbers and types 
of s:rnples collected at m:;h site (SI Table 83). 

Most st<{lnation tirre; were relatively consistent acrOffi most 
sites at betwEen 6 and 8.5 h, and all but two sites had st<{lnation 
tirre; betwEen 6 and 9 h 10 min, which focilitated unadjusted 
comparisons (SI Table 93c). 

Additional flushed S3111ples were collected in September/ 
October for high lead sites in order to provide residents with 
guidanre on minimizing lead le.tels in their drinking water. 
Recomrrended minimum flushing tirre; were then estimated 
l:e:ed on the lead levels and LSL lengths. These results are 
included in the Supporting Information, but not dis::us.c:ed here. 

Sample Analyses. All S3111ples were visually inspected for 
particulate matter prior to delivery to the EPA ChiCqJO 
REgional Laboratory. Srnples were preserved upon receipt by 
the laboratory using conrentrated nitric acid to pH <2 and held 
for a minimum of 24 h prior to analysis.18 The laboratory's 
Reporting Limits (RL) for lead, copper, and zinc in drinking 
water S3111ples, using EPA Method 200.8, are 0.5, 1, and 10 IJg/ 
L, respectively. The laboratory's RL for iron in drinking water 
S3111ples, using EPA Method 200.7, is 80 1-Jg/L. Additional 
laboratory information is included in the Supporting 
Information. 

1111111111111111 

Both Variants of the First-Draw Protocol Significantly 
Underestimated Peak Lead Levels, and the NHU First
Draw Protocol Yielded Higher Results Overall than the 
PF First-Draw Protocol. The 90th percentile lead values for 
all three rounds of first-draw S3111pling using both variants were 
slightly higher than ChiCqJO's historical complianre results, but 
still fell well below the lead AL (SI Table S4b ). Only 2% of the 
total number of first-draw S3111ples (3 of 151) exceeded the AL 
despite the presenre of lead le.tels well above the lead action 
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Comparison of System 90th Percentile Compliance Data with 
Percentile and Maximum 

10 

Figure 2. Comparison of OOth percentile LCR compliance data to OOth percentile values from LSL s:mples (a::r035 sites by liter) and rraximum 
values from LSLs. The green dashed line indicates the~ 90th percentile compliance monitoring value for Chiccgo l::etv\€en 1999 and 2010 of 6 
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Figure 3. LSL results were highly varicble within a:d1 LSL and from site to site. Error tars represent 1 standard deviation. 
------·-·----- -------------- --------------------- -----------------

le.tel within the service lines a5 indicated by the 45-s flushed 
results in the first round of monitoring and 33quential s:mpling 
results in the s:rond and third rounds. 

In contrESt, if the 90th percentile value of a:dl of the 
suro:ssive 33quential liter s:mples from the LSLs is computed 
a::ross all S3111pling sites, the lEal levels were up to four times 
higher than ChicaJO's averq:Je OOth percentile value using FD 
s:mples. Sol'l"B pEEk values for m:;h 33quential liter calculated 
ocross all s:mpling sites were over twice the lEal ALand up to 
six times higher than the regulatory compliance data (Figure 2). 
In sumrrnry, 69 of 336 (21%) of the individual 33quential 
s:mples collected in J.me and 75 of 319 (24%) of 33quential 
samples in September/October exceeded the lead AL, 
indicating that current s:mpling protocols will often consid
erably underestimate the pEEk lEal le.tels and overall mobi I i:zed 
rre;s of waterborne lEal in a system with lEal service lines. 

The NHU results were nul'l"Brically higher overall than the 
corresponding PF values for most sites, but the ditaences were 
not statistically significant. The PF first-dra.N protocol produced 
lower individual results than NHU first-dra.N protocol in 23 of 
32 S3111ple pairs in March/ April, and 20 of 27 s:mple pairs in 
Sept/Oct (SI Table S4a). Although NHU first-dra.N s:mples 
were collected without directing the residents to flush the tap 
prior to the stagnation period, NHU can involve showering, 
Wa5hing dishes, or doing laundry a short til'l"B prior to the 
stq]nation period, which could clear the lEal from the pipes 
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similar to preflushing the tap. Thus a NHU S3111ple can be 
efi:ctively the S8l'l"B a5 a PF S3111ple and yield similar results. 
Since the 33quential S3111pling results from thEse S8l'l"B sites 
show that there is much higher lEal present within the LSL at 
the S8l'l"B til'l"B that the NHU and PF first-dra.N S3111ples were 
collected, it stands to reESOn that if the N H U octivities were not 
undertaken, and a larger S3111ple set were used, the NHU 
S3111ples would yield results that were statistically higher than 
the corresponding PF s:mples. The distance from the kitchen 
tap to the bEginning of the LSL WES highly variable, ranging 
from approxirmtely 3 to 87 fEet (0.9 to 27 m), and the 
m:a:;ured LSL lengths ranged from 43 to 159 fEet ( 13 to 48 m). 
Con33quently, for sites with shorter total plumbing lengths, the 
initial and final 33quential s:mples would include relatively 
uncontaminated water from the water rmin following the 5-min 
tap preflushing. The:e S3111ples would contain little to no LSL 
lEal contribution, consistent with plurntxmlvency and radial 
diffusion/flow principles.5•

19
•
20 A targeted LSL S3111pling 

protocol irolating only LSL contoct water would likely yield a 
higher percentage of results above the lEal AL for systems with 
Pb( II) pipe s::ale chemistry, but the specific location of the pEEk 
lEal levels will necESSarily vary with premise plumbing 
configurations. 

Seasonal Variability. In a site-by-site compariron, lEal 
concentrations were higher in Sept/Oct than in Mar/Apr or 
June, with the starkest statistical ditaence betwEen first-dra.N 
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Figure 4. Avercge lem levels at disturb:d and undisturb:d sites. Error tars repre:ent 1 standard deviation. 

NHU sanples collECted in Mar/April and Sapt/Oct (p = O.D3 
for two-tailed paired Student's t-test). Overall, 68% and 69% of 
NHU and PF first-dravv S31llples, respECtively, \t\18re higher in 
Sapt/Oct than in Mar/Apr, while 55% of paired sequential 
sanples \t\18re higher in Sept/Oct than in June. SEasonal 
variation in lEal le.tels consists of multiple contributing fc£tors 
from the sourre water through the premise plumbing which 
could not be precisely isolated in this study, but the results in 
this study are consistent with other findings on 93:EOnal 
variability (SI Table S6d).21 Factors include (1) water 
temperature, (2) water chemistry variation, and (3) fluctuations 
in water t..f:aJ8 for Sept/Oct versus June, which could incra:se 
or ciECrea3e lEal levels.22

•
23 

Lead Concentrations Vary Throughout Each Individ
ual LSL and among Different LSLs Across the System. 
There was a high degrre of variability in sequential S31llple 
results at most sites, SOI'l'B of which could include a particulate
bound component as reflected in spikes in SOI'l'B sequential 
sanpling results (SI Figures S9-S40). For most sites, no 
individual S31llple result from within the LSL can characlerize 
the lEal concentrations at the site. Within the complete 
sanpling profile results, lEal le.tels at most sites ranged from 
well below to \t\1811 above the AL (Figure 3). Under the LCR, 
this would rrmn that a system would rrret the action level and 
have no additional regulatory requirn!'T'Bnts or would 6<ceed the 
AL and be required to implel'l'Bnt additional requirn!'T'Bnts, 
depending on which S31llple result is selected as thecomplianre 
sanple. The variability within sites and betwren sites is similar 
in trend to that found in several other studies reporting 
sequential sanpling conducted in water systems with difffent 
corrosion control strategies and chemistries from 
CDWM.1,4,10,12,14,15,24 -21 

Additional compliance data from a SErond large utility (City 
B) which 6<ceeded the lEal ALand conducted S31llpling usin~ 
the temperature change LSL S31llpling protocol in the LCR, 
yielded similar variability across the system (SI Figure S8 and 
Table 89). A total of 1975 LSL sites were sanpled, with 1762 
results (89%) below the IEEe! AL; 128 results (6.5%) from 16 to 
30 IJg/L; 57 results (2.8%) from 31 to 50 IJg/L; and 28 results 
(1.4%) between 51 and 580 IJg/L This LSL sanpling protocol 
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is similarly vulnerable to low biases, although many results were 
considerably higher than the AL (SI Figure S8). 

Factors Affecting Lead Levels. The majority of high lEal 
results occurred at sites with a documented physical 
disturbanre of the LSL betwEen 2005 and 2011 (Figure 4 ). 
The actual extent to which the LSL was physically disturbed is 
unknown for all sites, and the records of disturbances are bcsecl 
on information provided by CDWM and by the sanpling 
voluntrers (SI Figures S9 -540). 

For the purpose of this study a physical LSL disturbanre is 
defined as a !'l'Bter installation or replacerrent, auto!'l'Bter
rEEC!er (AMR) installation, servire line look repair, ooernal 
servire shut-off valve repair or replacerrent, or significant strret 
6<cavation directly in front of the hol'l'B that could disturb the 
LSL An "undisturbed" site is an un!'l'Btered site where neither 
the CDWM nor resident have a record or recollECtion of any 
disturbanre, as defined above. A third category, "indetermi
nate'', is used for thrre sites where CDWM has no record of any 
LSL disturbanre, and the resident did not provide a response as 
to whether there has been any LSL disturbanre. Cross-chocking 
was important bECat.re information provided by voluntrers in 
SOI'l'B ccses contradicted CDWM records, and upon further 
investigation, the records \t\18re found to be incomplete and 
\t\18re corrected, which resulted in reclassification of the site. 

Of the 13 disturbed sites, 11 sites had 3 or more sequential 
S31llpling results above the lEal AL, two sites had 2 results 63Ch 
above the AL, and one site had no results above the AL Of the 
16 sites with no known disturbanre, only thrre sites had any 
results above the lEal AL In the remaining 3 "indeterminate'' 
sites, 30 of 81 sanple results (37%) \t\18re above EPA's lEal AL 
(Table 2). 

A rerent AWWA publication on the state of water 
infrastructure highlights the nred for major infrastructure 
work.28 This flEJOOE3ry infrastructure work will potentially 
incra:se the incidenre of~ to the protoctives::ales within 
LSLs as this work is performed. Inevitably, thEse physical LSL 
disturbances will continue to occur with incra:sed frequency as 
part of daily routine water system maintenanre and nonwater 
related community infrastructure work. 
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Table 2. Lead Results for Disturbed, Undisturbed, and 
Indeterminate Sitesa 

disturbed sites undisturbed sites indeterminate sites 

no. no. no. 
no. no. above no. no. above no. no. above 

sites samples AL sites samples AL sites samples AL 

13 327 117 16 372 6 3 81 30 

% samples over AL: % samples over AL: 2% % samples over AL: 
36% 37% 

a Mast 163d res.llts above the AL were found at sites with LSL 
disturtanc:es. Additional results above the AL were also found at sites 
where the status of the LSL ( disturt:ed or undisturt:ed) could not be 
oonfirrn:d. Sites without LSL disturtances had few if any results above 
the AL. 

Possible Implications of Water Conservation and Use. 
Information provided by CDWM and volunteers anexlotally 
St..q:JESts that low water 1..1SaJ8 may also play a role in high lead 
le.tels at some sites. Of the four locations with the highest 
averqJelead le.tels, thrre (Sites 1, 29, and 10) had documented 
low water LJS:{I8. Site 1 had averqJe monthly water 1..1SaJ8 of 
3444 gallons (13037 L) which dOES not appEEr to be low 
LJS:{I8. HOWe.ter, information provided by the resident indicates 
that the majority of the monthly water 1..1SaJ8 occurs during a 
relatively small number of days during the month when there is 
a high volume of water LJS:{I8. Site 29 had averqJe monthly 
LJS:{I8 of 1826 gallons (6912 L), and Site 10 had an averqJe 
LJS:{I8 of 1438 gallons/month (5443 Llmonth). For compar
ison, the mean single-family household water usage is 
approximately 8582 gallons/month (32486 L/month), with a 
sizable standard de.tiation.29 

In two locations (Sites 17 and 5), lEa:! levels decra:m:::l with 
an incra:re in water 1..1SaJ8. As water 1..1SaJ8 approximately 
doubled at Sites 17 and 5, maximum IEH!Ie.tels from sequential 
s:rnpling decra:m:::l from 25 to 5.51-Jg/L and from 17 to 121Jg/ 
L, respectively. Although this reprESellts a small set of s:rnples, 
the:e observations support the idEE that higher lEa:! levels can 
be a:;sociated with low water I..ISaJ8.30 

Extrapolating from prior rES:Erch suggests the necESSity of 
consistent flow to deliver corrosion inhibitor efi:ctively into 
pa:sivating films,31 and correlates incra:red inhibitor d~ 
with reduced lEa:! rela:re. 10

•
32

-
35 Low water LJS:{I8 may inhibit 

hEEling of the damaged s:::ales, and influence the rate of galvanic 
corrosion. water 1..1SaJ8 efi:cts cannot be separated from other 
s:a3Jnal efi:cts in this study, but prior literature and the 
combined sequential graphs showing entire profiles shifted up 
or down from the .. lme to Sapt/Oct S31llpling suggest further 
investigation is warranted (SI Figures S9-S40). As conserva
tion efforts incra:re, it will become incf"Effiingly important to 
conduct further resESrch on the relationship between water 
LJS:{I8 and i ncra:res in lEa:! le.tels. 

The results in this study also indicate that more appropriate 
flushing guidance must be developed, based on neighborhood 
and premise plumbing characteristics, and whether a home ha5 
a LSL or not. Much of the current published and web-based 
flushing guidance inadvertently incra:res the risk of exposure to 
elevated lead le.tels by ciEEring an insufficient amount of water 
volume.17 Even fully flushing LSLs may only lower lEa:! le.tels 
to a limiting, rn:asurable lead le.tel, that relates to the 
plumbosolvency of the water, the flow rate, the length and 
internal diCJTBter of the pipe,5 -

7
•
10

•
19

•
20 and possibly ett:cts of 

prior disturbances (SI Table ST). 
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Risk Identification and Management. Recently, CDC 
iSSLEd a hEEith alert a:;sociating higher ele.rated blood lEa:! 
levels with partial LSL repla::arent,36 and also concluded that 
LSLs were an independent risk foctor for ele.rated blood lEa:! 
levelse.ten when lead le.tels in drinking water met the LCR lEa:! 
AL of O.D15 mg/L.37 As highlighted in this study, LSLs can 
contribute high lead when they are disturbed in many difuent 
ways, not just due to partial LSL repla::arent, and water LJS:{I8 

may also play a role in the resultant high lEa:! levels and 
potential incra:red human exposure. In an August 2012 update 
on lEa:! in drinking water and blood lEa:! levels, the CDC notes 
that "The ra:mt I Em 111 a idations fran the CDC AdvisJry 
Ccmnitlffi m Childhood LEad R:)is:Jnirg Pra.mtim to rEdUB or 
eliminale IEEd SJUra:s for child~m l:efore trey are exp:m:l 
ui"1Ci3rs:Dre the rm::l to rEdUB IEEd <DilBltrations in drinkirg 
waler as m..dl as p:l'Eible''.38 

As the ultimate human and environmental hEEith goal, LSLs 
should be completely removed where possible. The stability of 
the protective s:::ales within LSLs depends on many foctors 
which can change over time. For E003111ple, chang:s to water 
quality or trEEtment have resulted in high lEa:! levels over a 
sustained period of time (yEErs).10

•
39

-
41 Under the current 

regulatory frarn:work, elevated lEa:! le.tels from disturbances, 
water quality, trEEtment, or water LJS:{I8 chang:s can potentially 
go undetected for up to 3 yEErs between LCR compliance 
monitoring periods, which can result in incra:m:::l public 
exposure over a significant period of time. 

Proper selection of S31llpling sites, s:rnpling protocol, and 
other site conditions is critical for evaluating the amount of lEa:! 
corrosion and rela:re that is occurring in the distribution 
system. Suca:ffiful optimization of the plumbosolvency trEEt
ment depends on an a:;curate understanding of the corrosion 
mechanisms, pipe s:::ale mineralogy and structure, and the 
consequences of LSL disturbances and water conservation 
efforts. No published studies could be found that systematically 
investigated the time and inhibitor doses/water quality 
adjustments na::eE3ry to overcome the disturbances and 
damage to the lEa:! pipe s:::ales that will be routinely occurring 
throughout cities acra;s the U.S., as long as full or partial lEa:! 
service lines remain in service. 

Analyse; of the Chicago LSL s:::ales by EPA (to be reported 
elsewhere) reJEEI that the surfoce coatings on both lEa:! service 
line and galvanized interior pipes from CDWM are primarily 
compa;ed of amorphous aluminum, calcium, and phosphorL& 
rich deposits, and not crystalline lead(ll) (or zinc)
orthophosphate phasEs that are predicted by conventional 
divalent lead plumbosolvency theory for orthophosphate 
dosing.10

•
33

•
42 An understanding of the s:::ales is ESSential to 

study and implement procedures and stratEgies for efi:ctive and 
timely repair of the protective s:::ales damaged by LSL 
disturbances, and to minimize the public's exposure to high 
lead levels that can result from damaging the scales. 
Experimental e.raluations are critical when s:::ale compositions 
fall outside the s:;ope of well-understood predictive corrosion 
control practices. 

1111111111111111 nuu~nn 
* Supporting Information 

Additional background information, tabular summaries of 
S31llpling rESUlts, and graphics. This material is available frre 
of charge via the Internet at http:! /pubs.a:s.org. 
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The Lead and Copper Rule (LCR) is a treatment technique regulation that requires all public 
water systems to optimize corrosion control and utilizes tap sampling for lead and copper to 
determine whether additional actions need to be taken by the system. It is important to note that 
the sampling conducted under the LCR is not designed to evaluate individual consumers' lead 
exposure or risk and that the lead action level (AL) was not established as a health-based 
number. The lead AL is the level which EPA determined in 1991 that systems could feasibly 
meet, taking into account the available treatment technologies and the cost of those treatment 
technologies. The lead AL should not be viewed or used as a threshold value to determine 
whether the water is safe or unsafe to drink, and it should be reiterated that the EPA and CDC 
have determined that there is no safe level of lead exposure (i.e., no level at which there is not an 
adverse effect). 

Tap sampling conducted under the LCR is intended to measure the amount of lead and copper 
corrosion that is occurring in public water systems using worst-case site selection and a specified 
sampling protocol. The sampling protocols in the current LCR were established in 1991, based 
on the existence of many potential sources of lead throughout the water distribution system, 
including lead service lines connecting the water main to the homes, leaded- solder used to join 
copper pipe, and leaded-brass devices, such as meters, brass connectors and shut-off valves, 
faucets and fixtures. The current LCR sampling requirements are prescriptive and based on the 
relative significance of lead sources in 1991. The sequential sampling protocol (described below, 
and in the accompanying paper) that resulted in capturing the highest lead, as well as the sample 
results themselves, are not allowed to be used in the current compliance calculation. 

The LCR utilizes a combination of: worst-case site selection (sites expected to yield the highest 
lead results); sampling protocols used to capture the highest lead; and repeated sampling at the 
same sites in order to measure the level of lead corrosion that is occurring throughout the water 
distribution system. Utilizing this sampling structure allows U.S. EPA to keep the sampling 
burden on public water systems manageable, while still accomplishing the objectives of the 
sampling under the LCR. Absent these key components, the number of samples needed to 
accurately assess system-wide corrosion would necessarily need to increase substantially to 
accomplish the objectives of the LCR. 

The action level for lead is 0.015 mg/L, but is presented here as 15 Jlg/L for the purpose of using 
consistent units for the data. An exceedance of the lead AL based on the sampling triggers 
specific actions that a public water system must undertake to protect public health, such as 
installing or adjusting corrosion control treatment and providing public education. Additionally, 
where the corrosion control treatment has proven ineffective at lowering lead levels below the 
lead AL, the removal of lead service lines is triggered. There are many different corrosion 
mechanisms and factors that govern lead corrosion. The selection of sampling sites, sampling 
protocol, and site conditions are essential components for evaluating the level of corrosion that is 
occurring in the distribution system, regardless of the mechanism(s) or contributing factor(s). It 
is therefore critically important that the sampling protocol accurately portray the level of 
corrosion that is occurring. 
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Lead Service Line and Plumbing Information 

As part of the sampling protocol, residents were asked to provide a plumbing profile (figure S 1 ), 
describing their internal plumbing, and identifying the location of the kitchen tap, and shut-off 
valve/meter. 

Home Plumbing and Service Line Diagrams 
Below there are 4 diagrams for common household plumbing configurations and the 5th diagram is blank. Please 
review the diagrams and select the diagram that best matches the plumbing configuration for your home. Each of 
the diagrams shows where the water service line comes into the home and where the kitchen tap is located. If none 
of the four diagrams matches your home, use the blank diagram (number 5) to draw where the water service line 
comes into your home and where your kitchen tap is located. If you do not know where the service line comes into 
the home, you can note that in your Home Plumbing description below. 

Note: Some homes have water meters and some do not. On the diagrams below, if you do not have a water meter, 
pick the diagram that matches where your service line comes into your home and where the kitchen tap is, and cross 

out the meter symbol 

Home Plumbing Description: In the space below, please describe your home plumbing as best you can, from the 
point at which the water service line comes into your home to the location of your kitchen tap (length of pipe, 
diameter of pipe, pipe material, etc.): 

Figure Sl: Plumbing Profile Diagram 
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Table S 1 contains a summary of the LSL information for each sampling site. Due to the site
specific plumbing characteristics, the liter which first begins to capture LSL water at each site 
was expected to be variable, as was the liter which would begin to collect uncontaminated water 
from the water mains. The study findings regarding whether the current sampling protocol is 
capturing the corrosion that is occurring are not affected by this limitation. 

Site 
LSL Length LSLEnd 

Site 
LSL Length 

LSL End Point ft (meters) Point ft (meters) 
1 89(27.1) BFW 22 65 (19.8) IFW 
3 73 (22.3) IFW 23 66 (20.1) IFW 
4 Unknown Unknown 24 56 (17.1) IFW 
5 80 (24.4) IBW 25 70 (21.3) IFW 
6 60 (18.3) IFW 26 66(20.1) IFW 
7 59+ (18.0+) BFW 27 47+ (14.3+) Unknown 
8 57 (17.4) IFW 28 61+ (18.6+) Unknown 
9 102 (3l.l) BFW 29 159 ( 48.5) BFW 
10 48+ (14.6+) IFW 30 49+ (14.9+) Unknown 
11 50 (15.2) IFW 31 71 + (21.6+) IFW 
12 53 (16.2) IFW 32 43(13.1) IFW 
13 49+ (14.9+) Unknown 33 43+(13.1+) IFW 
17 58+ (17.7+) Unknown 34 Unknown Unknown 
18 76 (23.2) IFW 35 80 (24.4) BFW 
19 63(19.2) IFW 36 110 (33.5) IBW 
21 46 (14.0) IFW 38 51(15.5) IFW 

IFW = LSL ends just inside the front wall 
IBW = LSL ends just inside the back wall 
BFW = LSL ends at an unknown distance beyond the front wall 
+ = Indicates that the LSL was measured from the water main to the front the home, and it 
is not known whether the LSL extends beyond the front wall of the home. 
Table Sl: LSL Lengths- The length of the LSLs for most sites were measured and are presented in this table. The 
LSLs for two sites (site 4 and site 34) were not measured. 

Figure S2: LSL Bulb 
Figure S3: LSL segment (3/4 inch I 1.91 em Figure S4: Severely corroded galvanized 
diameter) iron pipe. 
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Figure S2 shows a typical LSL in Chicago coming up from the foundation of the basement. The lead service line is a 
dull gray and easily scratched with a key. The soft LSL is typically soldered to the interior (household) plumbing, 
leaving a characteristic bulb. The LSL can also be connected to household pipe using a brass compression fitting. 

Figure S3 is a close-up of a 3/4 inch (1.91 em) diameter LSL, showing the thickness of a typical LSL. 

Figure S4 is a cross-section of a severely corroded galvanized pipe from one of the sample sites. In this photograph 
the inner diameter is significantly reduced which affects the volume of water that will flow through the pipe in a set 
amount of time. For homes with corroded galvanized pipe, water will flow slower through the pipe and longer 
flushing times are generally needed to flush the lead from the plumbing. 

City Information 

Samples were collected from 32 single-family homes in Chicago with LSLs. Twenty-three 
homes were in the Jardine Plant service area and nine homes were in the South Plant service 
area. 

Site# Home Built Service Area 
01 1893 Jardine 
03 1960 Jardine 
04 1941 South 
05 1901 South 
06 1953 Jardine 
07 1900 Jardine 
08 1941 Jardine 
09 1920 Jardine 
10 1943 Jardine 
11 1912 Jardine 
12 1952 Jardine 
13 1950 South 
17 1907 Jardine 
18 1953 Jardine 
19 1912 Jardine 
21 1938 Jardine 
22 1924 Jardine 
23 1944 South 
24 1906 Jardine 
25 1917 South 
26 1954 South 
27 1891 Jardine 
28 1932 Jardine 
29 1890 Jardine 
30 1954 South 
31 1923 Jardine 
32 1923 South 
33 1927 Jardine 
34 1915 Jardine 
35 1900 Jardine 
36 1957 South 
38 1927 Jardine 

Figure SS: Home age and plant service areas for sampling locations 
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Table S2 contains a summary of the City's compliance monitoring data for lead. The City 
exceeded the lead AL only once, during the July-December 1992 compliance monitoring period. 

City of Chicago (1992- 2010) 
90th Percentile Lead Values (Jt~/L) 

Monitoring Period Begin Monitoring Period End Number of Samples 90th Percentile Value 

1/1/2008 12/31/2010 50 6 

1/1/2005 12/31/2007 50 6 

1/1/2002 12/31/2004 50 4 

1/1/1999 12/31/2001 50 7 

1/1/1999 12/31/1999 50 8 

1/1/1998 12/31/1998 53 14 

7/1/1997 12/31/1997 100 11 

1/1/1997 6/30/1997 100 10 

1/1/1993 6/30/1993 100 13 

7/1/1992 12/31/1992 120 20 

1/1/1992 6/30/1992 100 10 

Table S2: City of Chicago 90th Percentile Compliance Values (1992- 2010) 

Laboratory and Analytical Information 

All samples were inspected for visible particulates prior to delivery to the laboratory. In light of 
the significant increase in visible particulate in the final round of monitoring, the presence of fine 
particulates that would readily dissolve in the nitric acid preservative should not be discounted. 
Samples collected during the final round of monitoring coincided with the Fire Department's 
annual valve exercising. Colloidal lead may explain some of the variability in lead levels 
between the June and Sept/Oct rounds. 

Laboratory blanks, laboratory fortified blanks and laboratory fortified samples were nm at a 
frequency of at least one per twenty samples. Laboratory blanks run with the samples did not 
have any detections of lead above the reporting limit and all Laboratory fortified blanks and 
laboratory fortified samples had recoveries greater than 90%. 

All laboratory instrumentation was inspected and maintained according to Chicago Regional 
Laboratory maintenance protocols, and calibrated daily according to Chicago Regional 
Laboratory standard operating procedures. 

The Chicago Regional Lab Quality Assurance (QA) Contact performed a data quality assessment 
on the results based on laboratory blanks, laboratory fortified blanks and matrix spikes. The QA 
Contact identified no biases in the sample results due to these quality control measurements. 

Sampling Summaries 

Sample site summary table - A summary table of the types of samples collected at each 
site, for each sampling protocol is presented in Table S3 below. The highlighted rows for Sites 2, 
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14, 15, 16 & 37 were confirmed not to have LSLs and Site 20 is the same residence as Site 21 
(Kitchen tap and bathroom tap). Following the first round of sampling, Site 20 (bathroom tap) 
was no longer sampled, to maintain consistency of using kitchen taps across all sites. Only 
sample results from LSL sites are presented and analyzed in the study paper. The first liter of the 
sequential samples in June and Sept/Oct also serve as the PF first-draw samples. 

Summary of Samples Collected at Each Site 

Site# 
Total# Mar/April June Sept/Oct 

Samples Day 1 Day 2 Day 1 Day 1 Day2 Day3 
01 34 A,C B,D E-12 samples A E-14 samples F,G,H 
02 16 A,C B,D E-12 samples DNS DNS DNS 
03 30 A,C B,D E-12 samples A E-ll samples F,G 
04 16 A,C B,D E-ll samples DNS DNS DNS 
05 28 A,C B,D E-12 samples A E-ll samples DNS 
06 28 A,C B,D E-12 samples A E-ll samples DNS 
07 35 A,C B,D E-12 samples A E-15 samples F,G,H 
08 35 A,C B,D E-12 samples A E-15 samples F,G,H 
09 30 A,C B,D E-12 samples A E-ll samples F,G 
10 34 A,C B,D E-12 samples A E-14 samples F,G,H 
11 30 A,C B,D E-12 samples A E-ll samples F,G 
12 34 A,C B,D E-12 samples A E-14 samples F,G,H 
13 16 A,C B,D DNS A E-ll samples DNS 
14 4 A,C B,D DNS DNS DNS DNS 
15 4 A,C B,D DNS DNS DNS DNS 
16 4 A,C B,D DNS DNS DNS DNS 
17 34 A,C B,D E-12 samples A E-14 samples F,G,H 
18 30 A,C B,D E-12 samples A E-ll samples F,G 
19 27 A,C B,D E-12 samples DNS E-ll samples DNS 
20 4 A,C B,D DNS DNS DNS DNS 
21 28 A,C B,D E-12 samples A E-ll samples DNS 
22 28 A,C B,D E-12 samples A E-ll samples DNS 
23 30 A,C B,D E-12 samples A E-ll samples F,G 
24 33 A,C B,D E-12 samples A E-14 samples F,G 
25 16 A,C B,D E-12 samples DNS DNS DNS 
26 30 A,C B,D E-12 samples A E-ll samples F,G 
27 33 A,C B,D E-12 samples A E-14 samples F,G 
28 30 A,C B,D DNS A E-ll samples F,G 
29 40 A,C B,D E-12 samples A E-20 samples F, G,I 
30 18 A,C B,D DNS A E-ll samples F,G 
31 31 A,C B,D E-12 samples A E-12 samples F,G 
32 28 A,C B,D E-12 samples A E-ll samples DNS 
33 33 A,C B,D E-12 samples A E-14 samples F,G 
34 18 A,C B,D DNS A E-ll samples F,G 
35 30 A,C B,D E-12 samples A E-ll samples F,G 
36 30 A,C B,D E-12 samples A E-ll samples F,G 
37 4 A,C B,D DNS DNS DNS DNS 
38 16 A,C B,D E-12 samples DNS DNS DNS 

A ~ NHU First-draw Sample F ~ 3-minute Flushed Sample 

B ~ PF First-draw Sample G ~ 5-minute Flushed Sample 

C ~ NHU 45-Second Flushed Sample H ~ 7 -minute Flushed Sample 

D ~ PF 45 -Second Flushed Sample I~ 10-minute Flushed Sample 

E ~ Sequential Sample DNS ~ Site did not sample 

Table S3: Smmnary of samples collected at each site usmg each samphng protocol. 
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First-draw and 45-secondjlushed samples- Results for first-draw and 45-second 
flushed samples using the normal household use (NHU) and pre-flushed (PF) sampling protocols 
are presented in Table S4 below. 

In addition to the first-draw samples, a 45-second flush sample was collected by nmning the 
water for 45 seconds immediately following the collection of the NHU first-draw and PF first
draw samples during the March/ April sampling. Overall, the 45-second flush sample results were 
higher than the first-draw results, and yielded a higher percentage of results above the lead AL. 
A total of32 NHU/45-second flushed and 32 PF/45-second flushed samples were collected, with 
6 NHU 45-second flushed results above the lead AL (19%), and 5 PF/45-second flushed results 
above the AL (16%). The total number of 45-second flush sample results above the lead AL was 
11 of 64 (17% ); a percentage significantly higher than the first-draw results (2% ). 

First-draw and 45-second Flushed Sample Lead Results (J.Lg!L) 

B = PF First-draw Sample DNS = Site did not sample 
C = NHU 45-Second Flushed n =number of collected 

Table S4a: First-Draw and 45-Second Flushed Sampling Results. Samples that were above the lead AL are in bold, 
and samples that contained visible particulates are shaded yellow. 
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Summary ofNHU and PF First-Draw Results 
NHU PF PF NHU 

(Mar/Apr) (Mar/Apr) (June) (Sept/Oct) 

8 7 8 10 

32 32 28 29 

0 0 0 2 

PF 
(Sept/Oct) 

9 

30 

1 

Table S4b: Comparison ofLCR-equivalent 90th percentile results using alternative first-draw protocols. 

Sequential sampling results (June 2011)- The sequential sampling approach provided a 
more reliable (volumetric) method for assessing corrosion as compared to a flushed (time-based) 
approach. Attempting to characterize the flow at each site would require an evaluation of the 
plumbing materials and dimensions, as well as the condition of the plumbing materials at each 
site, is not a feasible or reliable protocol for compliance monitoring. 

The results of the each liter in the sequential sampling conducted in June are tabulated below in 
Table S5 by site. 
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Table SS: Smrunary of June Sequential Sampling Results. Samples that were above the lead AL are in bold, and 
samples that contained visible particulates are shaded yellow. 

Sequential Sampling Results (September and October 2011)- The results of the each 
liter in the sequential sampling conducted in September and October are tabulated below in 
Table S6 by site. Considerably more sample results contained visible particulates than in 
previous rounds. The presence of particulates may be a result of the Chicago Fire Department 
exercising valves during the time period when samples were being collected. 

All sites collected at least 11 sequential samples, and some sites with high sample results in June 
collected additional samples. The additional sequential sample results are included here but were 
not included in the data analyses, since extra samples were collected only from sites with high 
lead. A review of the data, including and excluding these additional results was performed to 
ensure that a bias has not been introduced, and the review indicates that the study findings are 
not significantly affected by including or excluding the data. With the additional 39 samples 
included, a total of 80 of 3 58 sample results (22%) exceeded the lead AL. Using only samples 1 
through 11 from each site, a total of 7 5 of 319 sample results (24%) exceeded the lead AL. For 
the purpose of the data analyses, the first liter sample from the sequential samples in June and 
Sept/Oct also serve as the first-draw PF sample. 
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Table S6a: Summary of September /October sequential sampling results used in data analyses. Samples that were 
above the lead AL are in bold, and samples that contained visible particulates are shaded yellow. 
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Site 12 
01 13.9 
03 --
05 --
06 --
07 12.7 
08 12.8 
09 --
10 --
11 --
12 6.98 
13 --
17 2.84 
18 --
19 --
21 --
22 --
23 --
24 12.8 
26 --
27 16.0 
28 --
29 11.1 
30 --
31 4.17 
32 --
33 12.4 
34 --
35 --
36 --

Min 2.84 

Max 16.0 
Ave 10.6 

90th o/oile 13.9 

EPA FOIA Production 12/12/2016 
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Sept/Oct Sequential Sampling Results by Site/Liter (Jtg/L) 
Liter 

13 14 15 16 17 18 
14.1 11.7 -- -- -- --
-- -- -- -- -- --
-- -- -- -- -- --
-- -- -- -- -- --

9.29 6.52 6.03 -- -- --
9.34 7.93 6.27 -- -- --

-- -- -- -- -- --
27.1 21.1 10.7 -- -- --

-- -- -- -- -- --
3.28 2.04 -- -- -- --

-- -- -- -- -- --
2.62 2.59 -- -- -- --

-- -- -- -- -- --
-- -- -- -- -- --
-- -- -- -- -- --
-- -- -- -- -- --
-- -- -- -- -- --

15.3 15.4 -- -- -- --
-- -- -- -- -- --

12.8 9.24 -- -- -- --
-- -- -- -- -- --

10.1 9.21 9.01 9.29 8.99 8.77 
-- -- -- -- -- --
-- -- -- -- -- --
-- -- -- -- -- --

11.5 10.1 -- -- -- --
-- -- -- -- -- --
-- -- -- -- -- --
-- -- -- -- -- --

2.62 2.04 6.03 9.29 8.99 8.77 
27.1 21.1 10.7 9.29 8.99 8.77 
11.5 9.58 8.00 9.29 8.99 8.77 
15.3 15.4 10.7 9.29 8.99 8.77 

19 20 
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --

8.73 8.39 
-- --
-- --
-- --
-- --
-- --
-- --
-- --

8.73 8.39 
8.73 8.39 
8.73 8.39 
8.73 8.39 

Table S6b: Smrunary of Supplemental September/October sequential sampling results not used in data analyses. 
Samples that were above the lead AL are in bold, and samples that contained visible particulates are shaded yellow. 
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Stagnation Times - Volunteers were asked to record the date and time water was last used, and 
the date and time when sampling began for each set of samples. Table S6c is a summary table 
which contains the stagnation times for the sequential samples, which is the amount of time the 
water sat motionless in the household prior to sample collection. 

Sample Collection Stagnation Times 

June Sequential Sept/Oct Sequential 
Sampling Sampling 

Stagnation Stagnation 
Site Time Site Time 

(brs:mins) (brs:mins) 
1 6:32 1 8:04 
3 7:13 3 7:45 
4 7:06 5 7:45 
5 7:00 6 8:00 
6 9:10 7 7:13 
7 7:24 8 6:05 
8 7:35 9 7:20 
9 8:15 10 *** 
10 6:06 11 7:08 
11 7:00 12 6:26 
12 8:06 13 *** 
17 6:25 17 6:55 
18 8:43 18 12:53 
19 6:30 19 *** 
21 6:15 21 6:00 
22 6:20 22 6:15 
23 7:45 23 9:00 
24 8:33 24 7:01 
25 8:32 26 7:00 
26 7:00 27 7:45 
27 7:00 28 8:00 
29 *** 29 *** 
31 7:26 30 10:45 
32 7:13 31 7:30 
33 7:02 32 6:54 
35 7:04 33 9:06 
36 7:45 34 7:05 
38 7:13 35 6:55 

36 8:47 

***Volunteer did not record date/time the water was 
last used, but said it was the day before and was at 
least 6 hours before sampling. 

Table S6c: Smrunary of stagnation times for sequential sampling. 
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Seasonal Variability- Table S6d contains a site by site comparison oflead concentrations. 

Seasonal Variability (Spring vs. Fall & Summervs. Fall) 

First-Draw NHU 
Sept/Oct> 

First-Draw PF 
Sept/Oct> Sequential Sept/Oct> 

Mar/Apr Mar/Apr Samples June 
No. ofSample 

28 
No. of Sample 

29 
No. ofSample 

285 
Pairs Pairs Pairs 
No. Higher in 

19 
No. Higher in 

20 
No. Higher in 

156 
Sept/Oct Sept/Oct Sept/Oct 
%Higher in 

68% 
%Higher in 

69% 
%Higher in 

55% 
Sept/Oct Sept/Oct Sept/Oct 
First-Draw Samples: Mar/Apr vs. Sept/Oct (Same Site, Same First-Draw Protocol Compared) 
Sequential Samples: June vs. Sept/Oct (Same Site/Same Liter Compared) 

Table S6d: Seasonal variability effects observed. 

Flushed sample results - The results of the flushed samples collected in September and October 
are tabulated in Table S7 by site. Most sites collected a 3 minute and 5 minute flushed sample. 
Some sites collected a 3, 5, and 7 minute flushed sample; and one site (site 29) collected a 3, 5, 
and 10 minute flushed sample, due to the length of the service line (159ft I 48.5 m). 

A flushed sample is collected by fully opening the sample tap and letting the water run for at 
least five minutes prior to a minimum 6 hour stagnation period. The date and time of the PF was 
recorded. After the minimum 6 hour stagnation period, and immediately before beginning the 
flushed sample collection, the date and time were again recorded and used as the start of 
sampling. The 3, 5, 7 and 10 minutes are measured from that start time, and water was not turned 
off between samples. For sequential sampling and flushed samples, the water was not turned off 
between samples. 

EPA's current Public Notification Handbook includes instructions that advise residents to run the 
water between 30 and 45 seconds before collecting water for consumption if the water has not 
been used for an extended period of time. Running the water (flushing) for 45 seconds resulted 
in high lead levels at the tap for some sites. The flushed sampling results in this study indicate 
that EPA should develop a more appropriate flushing guidance, based on whether a home has a 
LSL or not, and the length of the LSL. 

For homes with long LSLs, such as Site 29 (159ft I 48.5 m), flushing may not be a practical way 
to reduce lead levels, as lead levels did not decline any further following 3, 5 and 10 minutes of 
flushing. In the case of site 29, residents would likely have a minimum of approximately 8 to 
11 Jlg/L of lead in the drinking water for all water consumed, and should consider installing a 
water filter or using bottled water for drinking and cooking. 
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Flushed Sample Summary Table (pg/L) 
Mar/Apr2011 Mar/Apr2011 Sept/Oct2011 Sept/Oct 2011 Sept/Oct 2011 Sept/Oct 2011 

Site NHU 45sec PF 45sec 3min Smin 7min lOmin 
01 11.3 11.9 6.48 6.97 
03 12.0 6.71 3.78 2.93 
04 6.76 2.56 
05 13.2 14.1 
06 1.90 2.13 
07 15.3 24.9 5.49 5.46 5.32 
08 32.2 28.0 8.25 5.54 5.71 
09 15.9 17.7 14.3 7.23 
10 25.0 21.6 4.95 4.30 4.09 
11 4.13 5.30 1 75 1.69 
12 17.2 5.45 1 78 1.45 1.33 
13 3.50 2.94 
17 4.00 3.70 2.88 2.76 2.86 
18 9.57 12.4 4.15 3.71 
19 4.69 8.27 
20 2.80 2.54 
21 6.87 13.8 
22 9.19 7.93 
23 13.1 11.5 5.64 
24 6.10 4.98 6.38 
25 3.75 ND 
26 3.02 3.45 5.06 3.23 
27 4.53 3.76 15.0 14.1 
28 4.99 4.70 4.82 3.26 
29 13.5 28.6 11.9 10.9 10.8 
30 12.5 6.52 5.80 4.82 
31 3.16 12.3 3.78 3.76 
32 2.29 7.82 
33 16.4 14.0 4.40 4.06 
34 1.51 3.30 1.83 1.75 
35 5.28 10.5 5.53 4.03 
36 111 8.76 7.19 5.29 
38 1.60 2.30 

NHU 45sec Samples were collected following the collection of the First-Draw NHU samples by running the water 
for45 seconds following the collectionofthe First-Draw NHU sample. 

PF 45sec Samples were collected following the collection of the First-Draw PF samples by running the water for 45 
seconds following the collection of the First-Draw PF sample. 

3min, 5min, 7min, and lOmin flushed samples were collected after pre-flushing the tap for at least 5 minutes prior to 
the minimmn 6 hour stagnation time during which no water was used in the home. Following the stagnation period 
and prior to sample collection, residents flushed the tap for 3 min to collect the 3min sample, and then an additional 
2min for the 5min sample or 4min for the 7min sample. One site (site 29) had the longest lead service line so this 
site collected a 3 min, 5 min and lOmin flushed sample (water was flushed for an additional 5 minutes following the 
collection of the 5min sample to collect the 10 min flushed sample). Water was not turned off in between samples to 
avoid the water hatruner effect. Residents were instructed to have the bottles ready to insert under the faucet at the 

time. 

Site 20 and Site 21 are the same residence. Site 20 was the upstairs bathroom and Site 21 was the kitchen sink. Note 
that neither the 45sec NHU nor PF samples from the upstairs tap captured any LSL water, while at least one of the 
kitchen tap smnples did. 

Table S7: Smrunary table of flushed sample results. Samples that were above the lead AL are in bold, and smnples 
that contained visible particulates are shaded yellow. 
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Classification of Disturbed LSL Sites - A summary of the classification of each site as 
"disturbed", "undisturbed", or "indeterminate" is presented in Table S8, along with the number 
of samples collected per site and the number and percentage of sample results above the lead 
action level. The results from the "disturbed" and "undisturbed" sites are consistent with other 
research efforts showing that LSL disturbances result in higher lead levels [1-

31 . 

Disturbed, Undisturbed and Indeterminate Site Summary 

Disturbed 
Total #Samples 

Undisturbed 
Total #Samples 

Indeterminate 
Total #Samples 

Sites 
Samples AboveAL 

Sites 
Samples aboveAL 

Sites 
Samples aboveAL 

Collected (Disturbed) Collected (Undisturbed) Collected (Indeterminate) 
01 27 16 03 27 4 12 27 17 
05 27 2 04 14 0 21 27 7 
07 27 11 06 27 0 33 27 6 
08 27 19 11 27 0 --- --- ---
09 27 15 13 15 0 --- --- ---
10 27 15 18 27 0 --- --- ---
17 27 3 19 27 0 --- --- ---
27 27 5 22 27 0 --- --- ---
28 15 0 23 27 0 --- --- ---
29 27 15 24 27 0 --- --- ---
30 15 4 25 14 0 --- --- ---
31 27 10 26 27 0 --- --- ---
35 27 2 32 27 2 --- --- ---
--- --- --- 34 15 0 --- --- ---
--- --- --- 36 27 0 --- --- ---
--- --- --- 38 16 0 --- --- ---

Totals 327 117 Totals 371 6 Totals 81 30 
% of samples above AL: 36% % of samples above AL: 2% % of samples above AL: 37% 

Table S8: Smmnary Table of Disturbed, Undisturbed and Indeterminate Sites, with the number and percentages of 
sample results above the lead AL for each site and each grouping. 

Many direct LSL disturbances are localized to a specific segment of the LSL, and yet some sites 
have higher lead levels in sample liters over a significant portion of the LSL, not just in the 
immediate area of the LSL that was disturbed. A probable reason is that, except for the initial 
liter of water, each subsequent one-liter sample reflects both lead levels within the segment of 
the plumbing where the water stagnated as well as a contribution from the rest of the plumbing 
the water travelled through. For example, the fifth liter of water collected from a kitchen tap will 
not only capture the lead from the segment of LSL where the water stagnated, but it will also 
collect contributions from the plumbing downstream as the water passes through the remaining 
LSL and internal plumbing on the way to the kitchen tap. If the sample results only represented 
the portion of the plumbing where the water stagnated, it would be expected that a variety of 
metals would be found in the initial liters due to the presence of a variety of metallic plumbing 
materials and components, but only lead should be found in the LSL samples. In this study, a 
variety of metals was detected even in samples that represented LSL samples (Figure S6). 

Specifically, for Site 9, information provided by the resident indicated that the internal pipe from 
the LSL to the kitchen tap was galvanized iron pipe. This was confirmed by the co-occurrence of 
higher levels of zinc and iron within the first liter of water in figure S6. There were no copper 
pipes in the home, so the presence of the copper is indicative of brass components (faucet, 
connectors, shut-offvalve(s), and the water meter). Trace amounts of iron, zinc and copper are 
captured in the later liter samples as the water flows through the internal plumbing en route to 
the kitchen tap, along with traces of iron, potentially from the water main. It can reasonably be 
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assumed that the same phenomenon occurred for lead. Disturbed areas of the LSL have damaged 
scale, which can expose water passing through them to fresh lead. Therefore, lead measured in 
any sample upstream of the damaged area may include lead contributions from the damaged 
area. 

Sample location: Site 9 (June Sequential Sampling) 

•Lead Zinc 

2.5 90 
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Figure S6: The LSL at Site 9 measures approximately 102 ft (31.1 m) from the water main to the meter. From the 
meter, there is approximately 13.5 ft ( 4.1 m) of 1 inch (2.54 em) galvanized pipe to the kitchen tap. 

Variability of lead levels in City B- A second city, City B, exceeded the lead AL during 
the July-Dec 2010 monitoring period, and was required to comply with the LSL replacement 
requirements in the LCR. Table S9 contains the compliance monitoring history for City B. 

Monitoring Period Monitoring Period Number of Lead 901
n Percentile 

Begin Date End Date Samples Value (~g/1) 
7/1/2011 12/31/2011 101 12 
1/1/2011 6/30/2011 130 14 
7/1/2010 12/31/2010 105 23 
1/1/2009 12/31/2009 51 15 
1/1/2008 12/31/2008 58 14 
1/1/2007 12/31/2007 50 11 
1/1/2006 12/31/2006 60 14 
1/1/2005 12/31/2005 54 13 
1/1/2004 6/30/2004 104 12 
7/1/2003 12/31/2003 108 12 
1/1/2002 12/31/2004 50 15 
1/1/1999 12/31/1999 55 14 
1/1/1998 12/31/1998 50 6 
1/1/1997 12/31/1997 50 7 
7/1/1996 12/31/1996 50 15 
1/1/1996 6/30/1996 50 15 
7/1/1992 12/31/1992 50 15 
1/1/1992 6/30/1992 50 21 

Table S9: City B 90th percentile compliance values (1992- 2012). Samples that were above the lead AL are in bold. 
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The sampling instructions presented in Figure S7 are in accordance with the LCR, and were used 
to collect the LSL samples in City B, which has approximately 25,000 LSLs. 

Instructions for Lead Sample Collection 

1 Make sure the faucet used for 

device. 
z At make sure the rnu ... wu'" 

undisturbed for a 

collection 

11 No faucets in the house are 
11 The toilet is not flushed 

• The water Is not run for an lee maker. 

3 When you are to collect the <:::~m,n•~>~ 

Make sure the is taken before any other water is used. 

" the collection container. 

• Turn on the cold water. 
11 Allow the water to run until there a ~•arutlr·::~nt 

• Fill the container to the shoulder. 

• Do not rinse the bottle out. 
11 capthe 

4 Fill out the enclosed chain of 

S Fold and secure the chain 

container. 

container. 

form and survey. 

Place the container outside where it was·delivered. 

remains 

shower and sinks. 

•:• A utilities up the container. No one will enter your home. The 

must be left outside to be up. 

Figure S7: LSL sampling instructions provided by City B to residents. 

The sampling protocol used for collecting LSL samples ("allow the water to run until there is a 
significant change in temperature") can result in some sample results reflecting lead levels from 
internal plumbing rather than from within the LSLs. 

The results from City B are presented below in Figure S8. Similar to the results presented for the 
study of Chicago, City B 's results show significant variability in LSL lead levels across the 
system. Following the 2010 lead AL exceedance, the City B took 1,975 LSL samples, with a 
total of 1,762 results (89%) below the lead ALand 213 results (11 %) above the lead AL. LSL 
results above the AL were significantly variable, ranging from 16 Jlg!L to 580 Jlg/L with a large 
number of sample results in exceedance of 50 Jlg!L. 
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Lead Service Line Results Above AL - City B 
until Si~>nit;ir::aJnt 

1 

Q Q 
Q Q 

0 N M ..., 
0 0 

,..; ..., ..., .,. ,..; ,..; 
Q Q 
,..; N 

of LSL Lead Values 

Figure S8: Range of lead values for City B LSL sampling results 
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Sequential Sampling Summary Graphs-The headers are color-coded based on whether 
the site has a disturbed LSL (red) or an undisturbed LSL (green). Sites for which this could not 
be determined (indeterminate sites) are color-coded orange. Water usage information is listed for 
each site. The samples which contained visible particulates are highlighted yellow, and the 
results that are above the lead AL are in bold text in the data tables. For sites that conducted 
sequential sampling in both June and Sept/Oct, the sequential sampling profiles were generally 
consistent during both sampling periods (see Figures S9- S40). 

.:\0.0 

25.0 

20.0 

i 15.0 
.£1 

0.. 10.0 

5.0 

0.0 

Sitel -June 

1 2 .':\ 4 5 6 7 8 9 10 11 1l B 14 

Disturbance( s ): Water meter installed in 20 I 0 
ApproximateLSL Length: 89ft (27.1 m) 
AveMonthlyWaterUse: 3,444gal.(l3,037 L) 

Figure S9: Sequential Lead Results- Sample Site #I (June and Sept/Oct) 

25.0 

20.0 

< 15.0 
011 

-= f. 10.0 

5.0 

0.0 
1 2 .':\ 4 

Disturbance(s): No known disturbance 
ApproximateLSL Length: 73ft (22.3 m) 
Ave Monthly Water Use: Not metered 

5 

Figure SlO: Sequential Lead Results- Sample Site #3 (June and Sept/Oct) 
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10"00 

8"00 

::::; 
Iii; 

6"00 

.2. 

.a 4"00 0. 

;too 

0"00 

Disturbance(s): No known disturbance 
ApproximateLSL Length: Unknown 
Ave Monthly Water Use: Not metered 

Figure Sll: Sequential Lead Results- Sample Site #4 (June) 

Site4 -June 

SiteS -June 

1 l 4 5 

Disturbance( s ): Water meter installed in 20 II 
ApproximateLSL Length: 80ft (24.4 m) 
Ave Monthly Water Use: 10,400 gal. (39,368 L) 

Figure S12: Sequential Lead Results- Sample Site #5 (June and Sept/Oct) 
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6.0 

5.0 

4.0 
::::; 
';;;; a .:\.o 
.a 
Q. 

2.0 

1.0 

0.0 
1 2 3 4 

Disturbance(s): No known disturbance 
ApproximateLSL Length: 60ft (18.3 m) 
Ave Monthly Water Use: Not metered 

5 

Figure S13: Sequential Lead Results- Sample Site #6 (June and Sept/Oct) 

25.0 

20,0 

< 15,0 
011 a 
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0.0 
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Site6 

6 

Site7 

7 8 

-·June 

7 8 9 10 11 12 

-June 

9 10 11 12 13 14 15 

Disturbance(s): Street excavation, potential installation of Cu whip at service connection in 2008 
ApproximateLSL Length: 59+ ft (18.0+ m) 
Ave Monthly Water Use: Not metered 

Figure S14: Sequential Lead Results- Sample Site #7 (June and Sept/Oct) 
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Site 8 

1 2 .3 4 5 6 7 8 9 

Disturbance( s ): Leak in parkway, repaired roundway in 2005. 
ApproximateLSL Length: 57ft (17.4 m) 
Ave Monthly Water Use: Not metered 

Figure S15: Sequential Lead Results- Sample Site #8 (June and Sept/Oct) 

25.0 

20.0 

< 15.0 
011 

-= .£1 10.0 .,_ 

5.0 

0.0 
1 2 .3 4 5 

Disturbance(s): Water meter installed in 2008. 
ApproximateLSL Length: 102 ft(3U m) 

Site9 

6 7 

-June 

10 11 12 B 14 15 

-June 

-------- -------- "·------

8 9 10 11 12 

Ave Monthly Water Use: 3,190 (12,075 L)- In Sept 20ll, usage was 24,000 gaL (90,850 L) due to 
hose left running for one or more days. In calculating the overall average, the Sept 20 I 0 value of 
8,000 gaL (30,283 L) was also used for Sept 2011 instead of the 24,000 gaL (90,850 L) value. 

Figure S16: Sequential Lead Results- Sample Site #9 (June and Sept/Oct) 
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Site 10 -June 

1 2 .':\ 4 5 6 7 8 9 10 11 12 B 14 15 

Disturbance(s): Service leak repair, water meter installed in 2009. 
ApproximateLSL Length: 48+ ft (14.6 m) 
Ave Monthly Water Use: 1,826 gal. (6,912 L) 

Figure S17: Sequential Lead Results- Sample Site #10 (June and Sept/Oct) 

Site 11 -June 

6.0 

5.0 

-4.0 _. 
'tli ..:!: 3.0 
.Q 

0.. 2.0 

1.0 

0.0 
1 2 3 4 

Disturbance(s): No known disturbance 
ApproximateLSL Length: 50ft (15.2 m) 
Ave Monthly Water Use: Not metered 

5 

Figure S18: Sequential Lead Results- Sample Site #II (June and Sept/Oct) 
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25.0 

~ 20.0 
::1. :a 15.0 

0.. 

1 2 4 

Disturbance( s ): Indeterminate 
ApproximateLSL Length: 53 (16.2 m) 
Ave Monthly Water Use: Not metered 

Site 12 

5 6 7 

Figure S19: Sequential Lead Results- Sample Site #12 (June and Sept/Oct) 

Disturbance(s): No known disturbance 
ApproximateLSL Length: 49+ ft (4.9 m) 
Ave Monthly Water Use: Not metered 

Figure S20: Sequential Lead Results- Sample Site #13 (Sept/Oct) 
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Site 17 

.':\0.0 
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~ 15.0 
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0.0 
1 2 4 5 6 

Disturbance(s): Meter replacement in 2008. 
ApproximateLSL Length: 58+ ft (17.7+ m) 
Ave Monthly Water Use: 9,772 gaL (36,991 m) 

Figure S21: Sequential Lead Results- Sample Site #17 (June and Sept/Oct) 
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Site 18 

16.0 

14.0 

12.0 

:::; 10.0 
'Oil 
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.£1 6.0 0.. 
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1 2 .':\ 4 

Disturbance(s): No known distutbance 
ApproximateLSL Length: 76ft (23.2 m) 
Ave Monthly Water Use: Not metered 

5 

Figure S22: Sequential Lead Results- Sample Site #18 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 63ft (19.2 m) 
Ave Monthly Water Use: Not metered 

Site 19 

s 6 

Figure S23: Sequential Lead Results- Sample Site #19 (June and Sept/Oct) 
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1 l 4 

Disturbance( s ): Indeterminate 
ApproximateLSL Length: 46ft (14.0 m) 
Ave Monthly Water Use: Not metered 

Site 21 

s 6 

Figure S24: Sequential Lead Results- Sample Site #21 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 65ft (19.8 m) 
Ave Monthly Water Use: Not metered 

Site 22 

5 6 

Figure S25: Sequential Lead Results- Sample Site #22 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 66ft (20.1 m) 
Ave Monthly Water Use: Not metered 

Site 23 

5 6 

Figure S26: Sequential Lead Results- Sample Site #23 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 56ft (17.1 m) 
Ave Monthly Water Use: Not metered 

Site24 

6 7 

Figure S27: Sequential Lead Results- Sample Site #24 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 70ft (21.3 m) 
Ave Monthly Water Use: Not metered 

Site 25 

5 6 

Figure S28: Sequential Lead Results- Sample Site #25 (June and Sept/Oct) 
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Site 26 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 66ft (20.1 m) 
Ave Monthly Water Use: Not metered 

Figure S29: Sequential Lead Results- Sample Site #26 (June and Sept/Oct) 
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Disturbance(s): Meter replacement in 2010. 
ApproximateLSL Length: 47+ ft (14.3 m) 
Ave Monthly Water Use: 4267 gaL (16,152 L) 

Figure S30: Sequential Lead Results- Sample Site #27 (June and Sept/Oct) 
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4 

Disturbance(s): Meter replacement in 2009. 
ApproximateLSL Length: 61+ ft (18.6+ m) 
Ave Monthly Water Use: 4273 gal. (16,175 L) 

Figure S31: Sequential Lead Results- Sample Site #28 (Sept/Oct) 
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Disturbance(s): Probable Approximate LSL leak repair, meter installed in 2010. 
ApproximateLSL Length: 159ft (48.5 m) 
Ave Monthly Water Use: 1,438 gal. (5,443 L) 

Figure S32: Sequential Lead Results- Sample Site #29 (June and Sept/Oct) 
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Site 30 

Disturbance(s): Broken water main in 2000, sidewalk replaced & street re-surfacing. 
ApproximateLSL Length: 49+ ft (14.9 m) 
Ave Monthly Water Use: Not metered 

Figure S33: Sequential Lead Results- Sample Site #30 (Sept/Oct) 
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Site 31 

Disturbance( s ): Approximate LSL leak repair in 20 I 0. 
ApproximateLSL Length: 7l+ft(2l.6+m) 
Ave Monthly Water Use: Not metered 

Figure S34: Sequential Lead Results- Sample Site #31 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 43 ft(l3.l m) 
Ave Monthly Water Use: Not metered 

Site 32 

5 6 

Figure S35: Sequential Lead Results- Sample Site #32 (June and Sept/Oct) 
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Disturbance( s ): Indeterminate 
ApproximateLSL Length: 43+ ft (13.1 m) 
Ave Monthly Water Use: Not metered 

Site 33 
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Figure S36: Sequential Lead Results- Sample Site #33 (June and Sept/Oct) 
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Site34 

1 2 3 4 .s 6 

Disturbance(s): No known disturbance 
ApproximateLSL Length: Unknown 
Ave Monthly Water Use: Not metered 

Figure S37: Sequential Lead Results- Sample Site #34 (Sept/Oct) 
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Disturbance( s ): Meter installed in Aug 2011 (between June and Sept/Oct sampling). 
ApproximateLSL Length: 80ft (24.4 m) 
Ave Monthly Water Use: 4,667 gaL (17,667 L)- Data available only for Aug-Oct 2011 

Figure S38: Sequential Lead Results- Sample Site #35 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 83+ ft (25.3 m) 
Ave Monthly Water Use: Not metered 

Site36 
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Figure S39: Sequential Lead Results- Sample Site #36 (June and Sept/Oct) 
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Disturbance( s ): No known disturbance 
ApproximateLSL Length: 51 ft(l5.5 m) 
Ave Monthly Water Use: Not metered 

Figure S40: Sequential Lead Results- Sample Site #38 (June) 

Site38 
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Sampling collection and reporting instructions and forms 

-June 

-------- ' ------- '··----------

7 3 9 10 11 12 

7 3 9 10 11 12 

March/April sampling- The sampling instructions and forms below were used in the 
March/ April sampling. Sampling was scheduled to conclude in March, but the sampling ran into 
April. As a result of the instructions below, some volunteers sampled one day at the kitchen tap 
and one day at the bathroom tap. The intent was to have all samples collected from the same tap, 
so volunteers that split the samples were asked to collect replacement samples so that a complete 
set of four samples was collected at the same tap. We chose the kitchen tap, and all samples 
collected thereafter were also collected at the kitchen tap. In addition, the 45-second flushed 
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sampling protocol was not used after the March/ April sampling due to the complication with 
corroded galvanized pipe. 

You will be taking a total of 8 samples for this study. One set of 4 samples will be taken in March 2011 and one set 
of 4 samples (using the same instructions) will be taken in August 2011. 

General Instructions for all four samples of a set 
Sample # 1 and Sample #2 must be collected one after another on the same day. 
Sample #3 and Sample #4 must also be collected one after another on the same day, and within the same week as 
Sample #1 and Sample #2. 

All samples should be collected from taps that are generally used by your household for drinking water. Do not 
collect samples from a taps that have not been used within the last 24 hours. Use a kitchen or bathroom cold-water 
faucet for your sampling. 

Do not collect samples from a tap that has a water filter or is connected to a water softener. If you have a water 
softener or water filter on your kitchen tap, collect your sample from a bathroom tap that is not attached to the water 
softener or water 

Collecting Sample # 1: The first sample is to be collected after water throughout the household has not been used 
for a minimum of 6 hours (example: midnight to 6am). During these 6 hours, do not flush toilets, shower, or run 
water from other faucets. The best time to collect samples is either: 
1) First thing in the morning, before any water is used in the household; or 2) Immediately upon returning from 

work, and prior to using any water, as long as water has not been used in the household during the day. 

1. When you are ready to collect your first sample, use the sample bottle labeled 'Sample # 1 '. 
2. Do not run any water from the tap before collecting the first sample. 
3. Place the opened sample bottle below the faucet and gently open the cold water tap. 
4. Fill the sample bottle as you would normally fill a glass of water for drinking, up to the neck of the bottle (see 

and turn off the water. the bottle. 

Important: Please make sure you use the bottle labeled 'Sample #2' (or your second sample' 

Collecting Sample #2: This sample is to be collected from the same faucet as Sample #1, immediately after 
collecting Sample #1. 

l. 45 Shut off the water and 
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sample bottle (labeled Sample #2) below the faucet and gently open the cold water tap. 
2. Fill the sample bottle as you would normally fill a glass of water for drinking, up to the neck of the bottle (see 

Dhl)to:graons on first and tum off the water. the bottle. 

Important: Please make sure you use the bottle labeled 'Sample #3' (Or your third sample! 

Collecting Sample #3: Collect on a different day in the same week as Samples #1 & #2. 

1. Before letting the water sit for a minimum of 6 hours, run the water from the faucet for 5 minutes at a high rate, 
and then do not use any water in the household for at least 6 hours after that (Example: Run the water for 5 
minutes at midnight before going to bed, and then do not use any water in the household until collecting the 
third sample at 6 am the following morning). 

2. Do not run any more water from the tap before collecting the third sample. Place the opened sample bottle 
below the faucet and gently open the cold water tap. 

3. Fill the sample bottle as you would normally fill a glass of water for drinking, up to the neck of the bottle (see 
Dhl)to:graohs on first and tum off the water. the bottle. 

Collecting Sample #4: This sample is to be collected from the same faucet as Sample #3. 

1. Immediately after collecting Sample #3, run the water for 45 seconds. Shut off the water, and place the opened 
sample bottle (labeled Sample #4) below the faucet and gently open the cold water tap. 

2. Fill the sample bottle as you would normally fill a glass of water for drinking, up to the neck of the bottle (see 
on first and tum off the water. the bottle. 

Figure S41: March/April sampling instructions. 
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Sample ID (from Sample Bottle #1): _____ _ Date/time Sample #1 was collected: 

Volunteer ID: Sampling Location: Kitchen Faucet D Bathroom Faucet D 

Date/time the water was last used in household before collecting Sample #1: 

\Vas sample #1 collected from a faucet that has a water softener or water filter? YesD NoD 

Sample ID (from Sample Bottle #2): _____ _ Date/time Sample #2 was collected: 

Volunteer ID: Sampling Location: Kitchen Faucet D Bathroom Faucet D 

Date/time the water was last used in household before collecting Sample #2: 

\Vas Sample #2 collected from the same faucet as Sample #1: YesD NoD 

Sample ID (from Sample Bottle #3): _____ _ Date/time Sample #3 was collected: 

Volunteer ID: Sampling Location: Kitchen Faucet D Bathroom Faucet D 

Date/time the faucet was flushed before collecting Sample #3: ______________ _ 

\Vas sample #3 collected from a faucet that has a water softener or water filter? YesD NoD 

Sample ID (from Sample Bottle #4): _____ _ Date/time Sample #4 was collected: 

Volunteer ID: Sampling Location: Kitchen Faucet D Bathroom Faucet D 

Date/time the faucet was flushed before collecting Sample #4: ______________ _ 

\Vas Sample #4 collected from the same faucet as Sample #3: YesD NoD 

Have there been any plumbing repairs or plumbing work done within the household during the last six months (including installation of 
new faucets)? Yes D No D 

If yes, explain briefly (Example- 'New faucet installed one week ago'): 

FOR EPA USE: Samples received by---------- Date/Time: 

Samples transferred to Region 5 Laboratory by---------- Date/Time: ---------

Volunteer Certification: I have read the sampling instructions and have collected the samples in accordance with the 
instructions provided. 

OR __________________________ _ 
Signature/Date Volunteer ID/Date 

Figure S42: March/ April sample collection and reporting form. 

S38of42 

Flint FOIA Production 12-120000040 ED_ 000838 _ 00000223-00038 



EPA FOIA Production 12/12/2016 
Flint Water Documents 

Sequential Sampling Instructions for June- The sampling instructions and forms below were used 
in the June sequential sampling. 

Sequential Sampling Instructions 
Please read all instructions before beginning your sampling 

General Information 
•Use only the kitchen faucet for all of these samples. 

•Use only cold water and open the cold water tap all the way when filling the bottles. 

•Fill each bottle to the top of the label on the sample bottle. 

Sam~ling Instructions 
•The night before sampling (right before everyone goes to bed) run the water from the kitchen tap for at least 5 
minutes. Write down the date/time you finished running the water on the form on the back side of this page. 

•The water must sit motionless in the home plumbing for at least 6 hours before collecting the samples so do not use 
water in the home after you finished running the water and until all samples are collected the following morning. 
Showering, flushing toilets, or other water use will affect the sampling results. It may help to tape a sign in the 
kitchen and bathrooms with a reminder not to use the water, in case people forget. 

• The bottles are numbered, and it is very important to collect them in order (Sample 1 first, Sample 2 second, etc.). 

• In the morning, when you are ready to sample, place the open bottles in order by sample number. You will be 
collecting the samples without shutting off the water in between samples, so you should remove the caps from all 
bottles so that you have all of the bottles ready to fill. You can put the caps on after all samples have been collected. 
Try not to let any water spill in between samples. 

•Write down the date/time right before you sample on the form on the back side of this page. 

•Begin by placing the Sample 1 bottle under the faucet and open the cold water slowly until the faucet is fully open. 
While one bottle is filling, grab the next bottle so that you are ready to move it under the faucet quickly. 

•Once the bottle is filled to the top of the label, quickly place the Sample 2 bottle under the faucet, and continue until 
you have filled all sample bottles. 

Sequential Sampling- Sample Collection and Reporting Form 
Volunteer ID: 

Sampling Information 
Date/time the wate1· was last used in household (the night before collecting the samples): -
Date/Time Volunteer Began Collecting Samples: 
Were All Samples Collected from the Kitchen Tap? Yes D NoD 

FOR EPA USE: Samples received by Date/Time: 
Samples transferred to Region 5 Laboratory by Date/Time: 

EPA Use: Visible Particulate in any samples? YesD NoD 
If Yes -List Samples With Particulate 

Volunteer Certification: I have read the sampling instructions and have collected the samples in accordance with 
the instructions provided. 

----------------------------------------- OR ______________________________ _ 
Signature/Date Volunteer ID/Date 

Figure S43: June sampling instructions and sample collection and reporting form. 
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Sampling instructions for September/October - In the final round of sampling, the number and 
type of samples was customized to each site and sites collected 3 days of sampling. The 
instructions below were for a site collecting one NHU First-draw sample, 11 sequential samples 
and a 2 flushed samples. Some sites collected additional sequential samples and some collected 3 
flushed samples instead of two. 

Sampling Instructions 
Please read all instructions before you start sampling. 

General Information 
Use only the kitchen faucet for all of these samples. 
Use only cold water. 
Open the cold water tap all the way when filling the bottles. 

u Fill each bottle to the top of the label on the sample bottle. 
Sampling Instructions 

There are three different sets of samples for you to collect (Sample Set #1, #2 and #3). 
Each set will be taken on a different day. (The three sampling sets do not have to be taken on three days in 
a row.) 

U A section of the reporting form (attached) needs to be filled in for each day of sampling. 
A) Sample Set #1 (1 bottle, Blue Label) 
1. The water must sit motionless in the home plumbing for at least 6 hours before collecting the sample. Typically, 
the night before taking the sample, make sure that no one uses water in the home until you collect the sample from 
the kitchen the following morning. 

2. In the morning, when you are ready to sample, write down the date/time on the attached form. 

3. Fill up the bottle with the BLUE LABEL. That's it for collecting the first sample set. 
B) Sample Set #2 "Sequential Sampling" (11 bottles, WHITE LABELS) 
1. The night before sampling (right before everyone goes to bed) run the water from the kitchen tap for at least 5 
minutes. Write down the date/time you finished nmning the water on the form. After nmning the water for 5 
minutes, it should sit motionless in the home plumbing for at least 6 hours. 

2. In the morning, your first water usage should be collecting eleven samples in a row (one after another). Use the 
bottles with the WHITE LABELS. The samples should be collected without shutting off the water in between 
samples. To do this, remove the caps from all eleven bottles before you tum on the water. 

3. Place the eleven open bottles in order by sample nmnber before you start collecting the samples Try not to waste 
water in between the samples. You can put the caps on after all 11 samples have been collected. The bottles are 
numbered Seq 01, to Seq 1l.lt is very important to collect the samples in order (Seq 01 first, Seq 02 second, 
etc.). 

4. Use the attached reporting fonn to note the date and time that you started taking the sample set. 
C) Sample Set #3 (2 Bottles, GREEN LABEL and YELLOW LABEL) 
1. The night before sampling (right before everyone goes to bed) run the water from the kitchen tap for at least 5 
minutes. Write down the date/time you fmished nmning the water on the form. After nmning the water for 5 
minutes, it should sit motionless in the home plumbing for at least 6 hours. 

2. In the morning, when you are ready to sample, write down the date/time on the attached reporting form. 

3. Run the water for 3 minutes, then collect a sample in the jar with the GREEN LABEL. Continue to let the water 
run for an additional2 minutes (for a total of 5 minutes), and collect the final sample in the bottle with the 
YELLOW LABEL. 

Figure S44: Sept/Oct sampling instructions. 
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Sample Collection and Reporting- Sampling set # 1 (Blue label) 
Volunteer ID: 

Sampling Information 

Date/time the water was last used in household (the night before collecting the samples): 

Date/Time Volunteer Began Collecting Samples: 

Were All Samples Collected from the Kitchen Tap? Yes D NoD 

FOR EPA USE: Samples received by Date/Time: 

Samples transferred to Region 5 Laboratory by Date/Time: 

EPA Use: Visible Particulate in any samples? YesD NoD 
If Yes -List Samples With Particulate 

-

Sample Collection and Reporting- Sampling set# 2 (11 samples, White labels) 
Volunteer ID: 

Sampling Information 

Date/time the water was last used in household (the night before collecting the samples): 

Date/Time Volunteer Began Collecting Samples: 

Were All Samples Collected from the Kitchen Tap? Yes D NoD 

FOR EPA USE: Samples received by Date/Time: 

Samples transferred to Region 5 Laboratory by Date/Time: 

EPA Use: Visible Particulate in any samples? YesD NoD 
If Yes -List Samples With Particulate 

Sample Collection and Reporting- Sampling set# 3 (Green and Yellow labels) 
Volunteer ID: 

Sampling Information 

Date/time the water was last used in household (the night before collecting the samples): 

Date/Time Volunteer Began Collecting Samples: 

We1·e All Samples Collected from the Kitchen Tap? Yes D NoD 

FOR EPA USE: Samples received by Date/Time: 

Samples transferred to Region 5 Laboratory by Date/Time: 

EPA Use: Visible Particulate in any samples? YesD NoD 
If Yes -List Samples With Particulate 

Volunteer Certification: I have read the sampling instructions and have collected the samples in accordance with 
the instructions provided. 

Signature/Date 

OR __________________________ __ 

Volunteer ID/Date 

Figure S45: Sept/Oct sample collection and reporting form. 
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Background. Most IEEd in drinking water comes from 
premisa plumbing materials and IEEd sarvire lines (LSLs). LSLs 
are generally the largest sourre of lEa:! in drinking water when 
they are prES:lnt in public water systems.1 The 1986 83fe 
Drinking water Act Amendments banned new lEa:! pipes in the 
potable water network, but a legocy of millions of partial or 
whole LSLs remains in many public water systems.2 Where the 
term "lEa:! corrosion" is U93d, it refers to the corrosion of lEa:! 
plumbing materials that result in the transfer of dissolved or 
particulate lEa:! into the drinking water. 

The LEa:! and Copper Rule (LCR) sanpling is intended to 
rra:EUre the lEa:! le.tels in drinking water to cm:ss the 
efi:cti\1811Effi of corrosion control trEEtment utilized by public 
water systems (P/11'2£,) to minimize lEa:! in drinking water. 
P/11'2£, are required to usa sanpling sites that are presumed to 
be the highest-risk sites for IEEd rela:se, and to optimize 
corrosion control to minimize lEa:! levels at consumers' taps. 
Most published sanpling studies typically focus on systems 
having high IEEd levels or systems that have experienced 
challenges in attempting to balanre LCR complianre with 
various other trEEtrnent or water quality objECtives. Exoept for 
LCR compl ianre data, I itt le published data exists or is available 
for systems that are considered to be operating with optimal 
corrosion control and meeting the lEa:! action level (AL) in the 
LCR This study focuses on a system that is considered to have 
optimized corrosion control using a blended phosphate, with a 
relatively stable water quality, and complianre results 
historically well below the lood AL. This situation is 
reprES:lntative of a large percentage of systems sarving 
100,000 or more people that utilize orthophosphate or blended 
phosphates for corrosion control and the vast majority of 

This article not subject to U.S Copyright. 
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systems are meeting the lEa:! AL t:a::ecl on the current S31llpling 
protocol in the LCR. Additional information on the LCR and 
study is available in the Supporting Information (SI ). This 
study fOCU93d on whether (1) the current LCR complianre 
sanpling protocol adequately captures the pEEk lEa:! levels in a 
water system; (2) "preflushing" (PF) results in capturing lower 
lEa:! le.tels in sanples compared to S31llples collECted under 
normal household ~ (NHU) conditions; (3) a first-draw 
sanpling protocol appropriately determines the adequacy of 
optimal lEa:! corrosion control in water systems with LSLs; and 
(4) there is93ESOnal variability in thesanpling results using the 
difurent sanpling protocols. 

System Information. The Chicqp Department of water 
Management (CDWM) operates two similar conventional 
surfcm water filtration trEEtment plants sarving approximately 
5.4 million residents, including th093 in 125 suburbs. Lake 
Michigan is the sole water sourre, with relatively stable water 
quality looving the trEEtment plants and in the distribution 
system (Table 1). Before the LCR, CDWM utilized pH/ 
alkalinity adjustment for corrosion control. CDWM switched to 
a proprietary blended phosphate at both plants between 1993 
and 1994 which is still U93d as the primary corrosion control 
trEEtment. 

The LCR requires public water systems to collECt lEa:! 
sanples using a first-draw (FD) S31llpling protocol, andS31llples 
were collECted almost exclusively from single-fanily homes with 
LSLs as required by the LCR sanple site saiECtion require-
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Table 1. Water Quality Data 2011 

outlets distribution 

parameter min max min max 

temp (°C) 4 24 5 23 
turbidity (NTU) 0.1 0.2 0.1 0.4 
pH 7.5 7.8 7.7 7.8 
Cl2 residual (mg/L) 1.0 1.2 0.7 0.9 
total alkalinity (mg/L as CaC03) 103 108 98 108 
chloride (CI, mg/L) 16 20 17 20 
sulfate (mg/L) 29 31 29 30 

Ca (mg/L) 34 39 34 39 

P04 (mg/L) 0.4 0.6 0.5 0.5 
total P04 (mg/L) 0.8 1.1 0.8 1.2 

AI (119/L) 34 126 29 113 

Fe (119/L) <5 <5 <5 34 

Mn (119/L) <3 <3 <3 <3 

ments.3 8ince the initial LCR monitoring, Chicago has 
exoea::led the IEEd AL only once, during .lily- Doo3mber 
1992, with an averqJe OOth percentile compliance monitoring 
value between 1999 and 2010 of 6 iJQ/L (81 Table 82).3 

The LCR requirES 1-L, FD tap S311lpiES of water that has 
stood motionlESS in the plumbing system (i.e., has st<{lnated 
within the plumbing) for at least 6 h. The two variants of the 
FD scmpling protocol currently used by public water system; 
are defined herein as the NHU first-draw scmple, where water 
is used in a normal household manner, and then allowed to sit 
motionlESS in the plumbing for at least 6 h before the scmple is 
collected; and the PF first-draw S311lple, where the water is run 
from the S311lpling tap for a specified crnount of time 
immediately prior to the st<{lnation period. Howe.ter, the 
LCR dOES not provide specific details on water t..re during the 
st<{lnation period. 

Almost all p.,r.,f'2£, in the U.S. rely on rESidents to collect 
compliance scmpiES under the LCR and there are difurenCES 
ocrOffi the U.S. in how system; instruct rESidents not to t..re the 
water during the st<{lnation period prior to collecting the 
scmple. A re.tiew of example sats of scmpling instructions 
provided to rESidents by large p.,r.,f'2£, in the U.S. found that 
some are instructed not to t..re any water fran the tap to te 
scmpiEd during thest<{lnation period. Others are instructed not 
to t..re any waler in the ha..f£:tnld. Prior to 2009, CDWM used 
the PF first-draw scmpling protocol, with a 5-min preflush 
preceding st<{lnation. Recent instructions to rESidents included 
not using water from the scmpling tap or from any 1163rby tap 
until the (poststC{Ination) scmpiES were collected, and to 
collect scmpiESassoon as PQffiible after the minimum required 
6-h st<{lnation period. RegardlESS of the scmpling protocol, 
rESident-collected S311lpiES necessitate the t..re of simple 
instructions and make it diffcult to ensure strict adherence to 
any S311lpling protocol. In addition, the diversa premisa 
plumbing materials and configurations (81 Table 81) represent 
varying eft:cts of flow ratES, hydraulic flow charocteristi<S, and 
PQffiible IEEd sorption/particle rela:m ett:cts on the shapES of 
the IEEd ,grofiiES, particularly with corroded galvaniZEd pipe 
locations. ·5 

1111111111111111 

Sampling Objectives and Protocol. 8ince the promul
gation of the LCR, new rES:Erch on IEEd corrosion has shown 
that there are many rn:dlanisrrs and water quality foctors 
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involved.1
•
4

•
6

-
11 Specifically, theS311lpling protocolsUS8d in this 

study were evaluated to determine if 

preflushing biESES rESUlts; 
first-draw scmpiES, with or without preflushing, capture 
the "worst-ca:e" level of IEEd corrosion under normal t..re 

conditions; and 
s:asonal variability att:cts IEEd concentrations (in this 
water system). 

Consistent with the LCR requirements and CDWM 
compliance scmpling, scmpiES for this study were collected 
by voluntrer rESidents from 32 single-fa'nily rESidenCES, built 
between 1890 and 1960, with LSLs. An additional 5 horn:s 
were S311lpled and determined not to have LSLs, and were 
therefore excluded from further S311lpling. All rESUlts are 
included in the Supporting Information, but the non-LSL sitES 
were not US8d in the data analysis (81 TabiESS4a, 85, S6a, S3b, 
and ST). 

Information was requESted on the specific plumbing 
configurations of a:£h scmpling site to a much grEEter extent 
than the regulatory requirements which simply require the 
plumbing material to be identified. This information, along with 
analyse; conducted for IEEd, copper, iron, and zinc for a:£h 
scmple, focilitated a better understanding of the ob93rved water 
IEEd levels. RESidents were asked to (1) complete a plumbing 
profile identifying the kitchen tap and meter or internal shut-off 
valve, and (2) dEScribe the internal plumbing, including any 
recent plumbing work (81 Figure 81 ). The information 
provided by rESidents along with the rESUlts of the four metals 
provided additional information on the saquencES of plumbing 
materials, and the presance of in-line brass plumbing 
components. CDWM provided the locations of water mains, 
sarvice line materials, work conducted by the city at a:£h 
rESidence (meter installation or repair, shut-off valve repair/ 
replocement, sarvice line 1631< repair, street excavation), and 
monthly water t..re data for rESidenCES with water meters. The 
information provided by CDWM on water main locations was 
used to rn:asure the distance from the water main to a:£h 
rESidence, and internal plumbing information provided by 
rESidents was used along with the rn=:asured length from the 
water main to the rESidence to approximate the L8L length (81 
Table 81). 

RESidents were provided with written S311lpling and reporting 
instructions for a:£h S311lpling event (81 FigurES S41-S45). 
One-liter, high-density pol)€thylene (HOPE), wide-mouth (5.5 
em, 2.2 in.) scmple bottlES were US8d to collect all S311lpiES. 
RESidents were instructed not to remove oorators prior to 
scmpling and not to collect S311lpiES after point-of-t..re or point
of-entry trEEtment deviCES. 

Several prior studiES have suggESted that significant 
contributions of particulate-a;sociated IEEd can be mobiliZEd 
cs a function of flow rate and turbulence in certain water 
chemistriES, though studiES have not developed predictive 
relationship; to premisa plumbing material, s::ale composition, 
and hydraulic flow charocteristi<S.6·

10 
-

15 To try to achieve the 
most C{!QrESSive high flow conditions under rEEiistic field 
conditions, rESidents were instructed to collect all scmpiES by 
slowly opening the cold water kitchen tap until fully open. 
Upon receipt, the S311lpiES were inspected by EPA for visible 
particulate matter prior to delivery to the laboratory. 

For all first-draw S311lpiES, rESidents were instructed not to 
t..re any water throughout the household (i.e., no showering, 
washing clothES/dishES, flushing toilets, etc.) during the 
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First Draw and 45-Second Flushed Samples 
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Figure 1. First round IEa:l rESUlts for all sites. 

---------------- ----·· -----· --· ----

minimum mandatory 6-h stq]nation period. In this study, PF 
s:rnples include a flush of at lEaSt 5 min prior to the mandatory 
minimum 6-h stq]nation period. A NHU s:rnple had no 
preflushing prior to the mandatory minimumstq]nation period. 
Residents were instructed to allow the water to sit motionlESS 
in the hm.rehold plumbing a minimum of 6 h, but not more 
than 24 h, and to record the dates/times the taps were flushed 
prior to the stq]nation period, and the dates/times S3111ples 
were collected following the stq]nation period. First-draw 
s:rnples using both variants (NHU and PF) were collected in 
the first and third rounds of monitoring in March/April and 
Septernber/Octooor, respectively. Additionally, 45-s flushed 
s:rnples were collected in the first round to e.raluate whether a 
s:rond-draw s:rnple more a::curately captured the le.tel of 
corrosion. Three-min, 5-min, and 7-min flushed s:rnples were 
collected in the third round of S3111pling to provide guidanre to 
voluntoors when high lEal le.tels were found (SI Table ST). 
This information can also oo used to provide site-specific 
guidanre on minimum flushing times nea:ssary to redure 
consumer exposure to lEal in drinking water. 

In the first round of s:rnpl ing, a:rll resident collected a N H U 
first-draw S3111ple and then a s:rond-draw ( 45-s flushed) s:rnple 
after allowing the water to run for 45 s. On the s:rond day, 
residents collected a PF first-draw s:rnple and then a s:rond 
45-s flushed sam~le. EPA's current Public Notification 
Handbook advis:s1 residents to run the water 30 s or until 
it turns cold before consuming, if the water has not boon used 
for an unspecified "extended period of time", which can result 
in higher lEal levels at the tap for consumers. It has also boon 
pre.tiously demonstrated that in some situations, this advire can 
caLm residents to consume the worst-cere water sitting 
stq]nant in the LSL.17 (Figure 1) 

Sites 14, 15, 16, and 37 were verified as not having LSLs and 
were excluded from further S3111pling. Site 2 was verified as not 
having a LSL following the June SEquential S3111pling and was 
excluded from the final round of monitoring. The 45-s flushed 
s:rnpling was dis::ontinued following the March/ April S3111pling 
first round due to the prES311re of reverely corroded galvani2ed 
pipe in some of the residenres (SI Figure S4) which reduced 
the inner pipe diareter, restricting water flow and resulting in 
varying volumes of water flowing through the plumbing for the 
same flush time. 

In June 2011 , a:£h resident collected a total of twelve PF 
SEquential S3111ples in one day of s:rnpling. The first PF 
SEquential S3111ple was also the PF first-draw s:rnple for the data 
analysis. All S3111ples were analyzed for lEal, copper, zinc, and 
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iron. The co-occurrenre of the metals, along with plumbing 
details, was used in qualitative c:m:ss11ents to correlate lEal 
results with potential soura:s of lEal in the plumbing network 
(SI Figure 93).4•

10 

In September I Octooor 2011 , a:rll resident collected a N H U 
first-draw S3111ple, and a minimum of 11 PF SEquential 1-L 
s:rnples. Sites with high lEal levels in the pre.tious rounds 
collected an additional 3 or 4 PF SEquential s:rnples, and one 
site with a very long LSL (159ft, 48 m) collected an additional 
9 PF SEquential S3111ples. The additional PF se:quential S3111ples 
were collected to determine the point at which lEal levels 
consistently dropped oolow the AL. All S3111ples collected are 
included in the S3111pling summary with the numrers and types 
of s:rnples collected at a:£h site (SI Table 83). 

Most stq]nation times were relatively consistent ocrOffi most 
sites at ootwoon 6 and 8.5 h, and all but two sites had stC{!nation 
times ootwoon 6 and 9 h 10 min, which focilitated unadjusted 
comparisons (SI Table 93c). 

Additional flushed S3111ples were collected in September/ 
Octooor for high lEal sites in order to provide residents with 
guidanre on minimizing lEal le.tels in their drinking water. 
Recommended minimum flushing times were then estimated 
based on the lEal levels and LSL lengths. ThEse results are 
included in the&lpporting Information, but not dis:;ussed here. 

Sample Analyses. All S3111ples were visually inspected for 
particulate matter prior to delivery to the EPA Chicago 
Regional Laboratory. 83mples were pre:erved upon rEreipt by 
the laboratory using concentrated nitric ocid to pH <2 and held 
for a minimum of 24 h prior to analysis.18 The laboratory's 
Reporting Limits (RL) for lEal, copper, and zinc in drinking 
water s:rnples, using EPA Method 200.8, are 0.5, 1, and 10 IJg/ 
L, respectively. The laboratory's RL for iron in drinking water 
s:rnples, using EPA Method 200.7, is 80 IJg/L. Additional 
laboratory information is included in the Supporting 
Information. 

1111111111111111 

Both Variants of the First-Draw Protocol Significantly 
Underestimated Peak Lead Levels, and the NHU First
Draw Protocol Yielded Higher Results Overall than the 
PF First-Draw Protocol. The 90th percentile lEal values for 
all three rounds of first-draw S3111pling using both variants were 
slightly higher than Chicago's historical complianre results, but 
still fell well oolow the lEal AL (SI TableS4b). Only 2% of the 
total numrer of first-draw S3111ples (3 of 151) exreeded the AL 
de;pite the pre:enre of lEal le.tels well above the lEal oction 
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Comparison of System 90th Percentile Compliance Data with 
Sequential Sampling 90th Percentile and Maximum Values 
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Figure 2. Comparison of 90th r;ercentile LCR compliance data to 90th r;ercentile values from LSL s:mples (ocro:s sites by liter) and rrnximum 
values from LSLs. The green dashed line indicates the avercge 90th r;ercentile compliance monitoring value for Chiccgo between 1999 and 2010 of 6 
J-lg/L 
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Figure 3. LSL results were highly varicble within a:d1 LSL and from site to site. Error tars represent 1 standard deviation. 
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le.tel within the s:lrvire lines as indicated by the 45-s flushed 
rESUlts in the first round of monitoring and SEquential S31llpling 
rESUlts in the SErond and third rounds. 

In contrast, if the 90th perrentile value of a:dl of the 
suro:ssive se:quential liter S31llples from the LSL.s is computed 
ocross all scrnpling sites, the lead levels were up to four times 
higher than ChicqJo's average 90th perrentile value using FD 
scrnples. Some pESk values for a:dl SEquential liter calculated 
ocross all scrnpling sites were over twire the lead ALand up to 
six times higher than the regulatory complianre data (Figure 2). 
In sumrrnry, 69 of 336 (21%) of the individual SEquential 
scrnples collected in June and 75 of 319 (24%) of SEquential 
samples in September/October exreeded the lead AL, 
indicating that current scrnpling protocols will often consid
erably underestimate the pESk lead le.telsand overall mobilized 
rre;s of waterborne lead in a system with lead s:lrvire lines. 

The NHU results were nui'TBrically higher overall than the 
corresponding PF values for most sites, but the diterences were 
not statistically significant. The PF first-draw protocol produced 
lower individual results than NHU first-draw protocol in 23 of 
32 scrnple pairs in March/April, and 20 of 27 scrnple r:airs in 
Sapt/Oct (SI Table S4a). Although NHU first-draw S31llples 
were collected without directing the residents to flush the tap 
prior to the stagnation period, NHU can involve showering, 
washing dishes, or doing laundry a short tii'TB prior to the 
stagnation period, which could clear the lead from the pipes 
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similar to preflushing the tap. Thus a NHU scrnple can be 
etectively the S8I'TB as a PF scrnple and yield similar results. 
Sinre the se:quential S31llpling results from thes:l S8I'TB sites 
show that there is much higher lead pre;ent within the LSL at 
the S8I'TB tii'TB that the NHU and PF first-draw scrnples were 
collected, it stands to ra:son that if the NHU octivitieswere not 
undertaken, and a larger scrnple s:lt were Us:ld, the NHU 
scrnples would yield results that were statistically higher than 
the corresponding PF scrnples. The distanre from the kitchen 
tap to the bEginning of the LSL wa:; highly variable, ranging 
from approximately 3 to 87 feet (0.9 to 27 m), and the 
rn=:asured LSL lengths ranged from 43 to 159 feet ( 13 to 48 m). 
Conse:quently, for sites with shorter total plumbing lengths, the 
initial and final SEquential S31llples would include relatively 
uncontaninated water from the water main following the 5-min 
tap preflushing. Thes:l S31llples would contain little to no LSL 
lead contribution, consistent with plumbosolvency and radial 
diffusion/flow principles.5•

19
•
20 A targeted LSL S31llpling 

protocol isolating only LSL contoct water would likely yield a 
higher perrentage of rESUlts above the lead AL for systems with 
Pb( II) pipe s::ale chemistry, but the specific location of the peak 
lead levels will nocess3rily vary with premis:l plumbing 
configurations. 

Seasonal Variability. In a site-by-site comr:arison, lead 
concentrations were higher in Sapt/Oct than in Mar/Apr or 
June, with the starkest statistical diterenre between first-draw 

dx.doi.org/10.1021/es40036361 Environ. &:i. TechnoL 2013, 47, 9300· 9307 
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Figure 4. Avera:Ja lead le.tels at disturb:d and undisturb:d sits Error tars repre::ent 1 standard deviation. 
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NHU S31Tlplescollected in Mar/April and Sapt/Oct (p = 0.03 
for two-tailed paired Student's t-test). Overall, 68%and 69'/oof 
NHU and PF first-clratv scrnples, respectively, were higher in 
Sapt/Oct than in Mar/Apr, while 55% of paired saquential 
scrnples were higher in Sept/Oct than in • .lme. SEasonal 
variation in IEEd le.tels consists of multiple contributing foctors 
from the sourre water through the prernire plumbing which 
could not be precirely isolated in this study, but the results in 
this study are consistent with other findings on sa:sonal 
variability (SI Table S6d).21 Factors include (1) water 
temperature, (2) water chemistry variation, and (3) fluctuations 
in water~ for Sapt/Oct versus • .lme, which could incra:se 
or decra:se IEEd le.tels.22

•
23 

Lead Concentrations Vary Throughout Each Individ
ual LSL and among Different LSLs Across the System. 
There was a high degree of variability in saquential scrnple 
results at most sites, some of which could include a particulate
bound component cs reflected in spikes in some saquential 
scrnpling results (SI Figures S9-S40). For most sites, no 
individual scrnple result from within the LSL can chara:ieri:ze 
the IEEd conrentrations at the site. Within the complete 
scrnpling profile results, IEEd levels at most sites ranged from 
well below to well above the AL (Figure 3). Under the LCR, 
this would rn:m that a system would rn:et the action le.tel and 
have no additional regulatory rEquirements or would 6<cred the 
AL and be required to implement additional requirements, 
depending on which scrnple result is selected as the complianre 
scrnple. The variability within sites and betwEen sites is similar 
in trend to that found in several other studies reporting 
saquential S31Tlpling conducted in water systems with difffent 
corrosion control strategies and chemistries from 
CDWM.1,4,10,12,14,15,24 -21 

Additional complianre data from a recond large utility (City 
B) which 6<creded the IEEd AL and conducted scrnpling usi~ 
the temperature change LSL scrnpling protocol in the LCR, 
yielded similar variability acra;s the system (SI Figure S8 and 
Table S9). A total of 1975 LSL sites were S31Tlpled, with 1762 
results (89'/o) below the IEEd AL; 128 results (6.5%) from 16 to 
30 IJg/L; 57 results (2.8%) from 31 to 50 IJg/L; and 28 results 
(1.4%) betwren 51 and 580 IJg/L This LSL S31Tlpling protocol 
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is similarly vulnerable to low bicses, although many results were 
considerably higher than the AL (SI Figure 88). 

Factors Affecting Lead Levels. The majority of high IEEd 
results occurred at sites with a documented physical 
disturbanre of the LSL betwren 2005 and 2011 (Figure 4). 
The octual ooent to which the LSL was physically disturbed is 
unknown for all sites, and the records of disturbances are l:esEd 
on information provided by CDWM and by the S31Tlpling 
voluntoors (SI FiguresS9-S40). 

For the purpore of this study a physical LSL disturbanre is 
defined cs a meter installation or replocement, autorneter
reader (AMR) installation, rervire line look repair, ooernal 
rervire shut-off valve repair or replocement, or significant street 
6<cavation directly in front of the horne that could disturb the 
LSL An "undisturbed" site is an unrnetered site where neither 
the CDWM nor resident have a record or recollection of any 
disturbanre, cs defined above. A third category, "indetermi
nate'', is ured for throo sites where CDWM has no record of any 
LSL disturbanre, and the resident did not provide a response cs 
to whether there has boon any LSL disturbanre. Cra;s.checking 
was important becaure information provided by volunteers in 
some ccses contradicted CDWM records, and upon further 
investigation, the records were found to be incomplete and 
were corrected, which resulted in reclcssification of the site. 

Of the 13 disturbed sites, 11 sites had 3 or more saquential 
scrnpling results above the IEEd AL, two sites had 2 results ESCh 
above the AL, and one site had no results above the AL Of the 
16 sites with no known disturbanre, only three sites had any 
results above the IEEd AL In the remaining 3 "indeterminate'' 
sites, 30 of 81 S31Tlple results (37%) were above EPA's IEEd AL 
(Table 2). 

A rerent AWNA publication on the state of water 
infrastructure highlights the nood for major infrcstructure 
work.28 This nro:ss3ry infrastructure work will potentially 
incra:se the incidenre of darraJe to the protectives::ales within 
LSLs cs this work is performed. lne.titably, thEre physical LSL 
disturbances will continue to occur with incra:sed frEquency cs 
part of daily routine water system maintenanre and nonwater 
related community infrastructure work. 

dx.doi.org/10.1021/es40036361 Environ. &:i. TechnoL 2013, 47, 9300-9307 
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Table 2. Lead Results for Disturbed, Undisturbed, and 
Indeterminate Sitesa 

disturbed sites undisturbed sites indeterminate sites 

no. no. no. 
no. no. above no. no. above no. no. above 

sites samples AL sites samples AL sites samples AL 
13 327 117 16 372 6 3 81 30 
% samples over AL: % samples over AL: 2'/o % samples over AL: 

36% 37% 

a Most la3d results c:OOve the AL were found at sites with LSL 
disturtances. Additioral results c:OOve the AL were also found at sites 
where the status of the LSL (disturbed or undisturbed) could not re 
confirmed. Sites without LSL disturtances ha:l few if any results above 
the AL. 

Possible Implications of Water Conservation and Use. 
Information provided by CDWM and voluntrers anecdotally 
St..q:JESts that low water ~ may alro play a role in high lEa:! 
le.tels at rome sites. Of the four locations with the highest 
averqJeiEa:llevels, three (Sites 1, 29, and 10) had documented 
low water l..l!:aJ8. Site 1 had averqJe monthly water ~ of 
3444 gallons (13037 L) which does not appe3r to be low 
~- Howe.ter, information provided by the resident indicates 
that the majority of the monthly water~ occurs during a 
relatively small number of days during the month when there is 
a high volume of water l..l!:aJ8. Site 29 had averqJe monthly 
~ of 1826 gallons (6912 L), and Site 10 had an averqJe 
~ of 1438 gallons/month (5443 Llmonth). For compar
iron, the mean single-family household water usage is 
approximately 8582 gallons/month (32486 L/month), with a 
sizable standard deviation.29 

In two locations (Sites 17 and 5), lEa:! le.tels c:lEcrecsecl with 
an incra:m in water ~- fls water ~ approximately 
doubled at Sites 17 and 5, maximum lEa:! levels from 33Cjuential 
s:rnpling c:lEcrecsecl from 25 to 5.51Jg/L and from 17 to 121Jg/ 
L, respectively. Although this represents a small set ofs:rnples, 
thEre observations support the idEE that higher lEa:! le.tels can 
be a:;sociated with low water ~.30 

Extrapolating from prior rESEErch suggests the flEre)Sity of 
consistent flow to deliver corrosion inhibitor efi::ctively into 
pa:sivating filrns,31 and correlates incra:md inhibitor dosages 
with reduced lEa:! reiEaSe.10

·
32

-
35 Low water l..l!:aJ8 may inhibit 

hEEling of the da"rlq:Jed s:::ales, and influence the rate of galvanic 
corrosion. Water ~ efi::cts cannot be separated from other 
s.:a:onal eficts in this study, but prior literature and the 
combined 33Cjuential graphs showing entire profiles shifted up 
or down from the • .lme to Sapt/Oct s:rnpling suggest further 
investigation is warranted (SI Figures S9 -540). fls conserva
tion efforts incrEaSe, it will become incrEESingly important to 
conduct further rESEErch on the relationship between water 
~ and incra:ses in lEa:! le.tels. 

The results in this study alro indicate that more appropriate 
flushing guidance must be developed, l::a:ed on neighborhood 
and premise plumbing characteristics, and whether a horne ha5 
a LSL or not. Much of the current published and web-l::a:ed 
flushing guidance inadvertently incrEESes the risk of exposure to 
elevated lEa:! levels by ciEEring an insufficient anount of water 
volume.17 Even fully flushing LSLs may only lower lEa:! levels 
to a limiting, mEESUrable lEa:! le.tel, that relates to the 
plurnbo9Jivency of the water, the flow rate, the length and 
internal diameter of the pipe,5 -

7
•
10

•
19.2° and possibly efi::cts of 

prior disturbances (SI Table ST). 
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Risk Identification and Management. RErently, CDC 
issued a hEEith alert cmx;iating hi~her eltvated blood lEa:! 
le.tels with partial LSL replcrnrrent,3 and alro concluded that 
LSLs were an independent risk foctor for elevated blood lEa:! 
le.tels e.ten when IEB:lle.tels in drinking water met the LCR lEa:! 
AL of 0.015 rng/L.37 fls highlighted in this study, LSLs can 
contribute high lEa:! when they are disturbed in many diferent 
ways, not just due to partial LSL replcrnrrent, and water t..1!:aJ8 
may also play a role in the resultant high lEa:! le.tels and 
potential incra:md human exposure. In an August 2012 update 
on lEa:! in drinking water and blood IEB:lle.tels, the CDC notes 
that "Tre rm:nt 1BD Ill B rdaticrs fran tre CDC AdvisJry 
Cmmittre m Childhood LEa:! FbisJning Pramtion to rEdUB or 
eliminate lEad SJUm:s br dlildrm l:efore trey are e<rx;a:d 
ul"ldars:Dre tre rm::l to rEdUB lEad an:mtraticrs in drinking 
water as rn.dl as r:asible'' .38 

fls the ultimate human and environmental hEEith goal, LSLs 
should be completely removed where possible. The stability of 
the protective &:ales within LSLs depends on many foctors 
which can change over time. For exanple, changes to water 
quality or trEEtment have resulted in hi~h lEa:! le.tels over a 
sustained period of time (yEErs).10

·
39 

-
4 Under the current 

regulatory frcm:mork, eltvated lEa:! le.tels from disturbances, 
water quality, trEEtment, or water t..1!:aJ8 changes can potentially 
go undetected for up to 3 yEErs between LCR compliance 
monitoring periods, which can result in incra:md public 
exposure over a significant period of time. 

Proper selection of s:rnpling sites, S311lpling protocol, and 
other site conditions is critical for evaluating the amount of lEa:! 
corrosion and relEaSe that is occurring in the distribution 
system. Suca:ssful optimization of the plurnbo9Jivency trEEt
rnent depends on an accurate understanding of the corrosion 
mechanisms, pipe s:::ale mineralogy and structure, and the 
COn33CJuences of LSL disturbances and water conservation 
efforts. No published studies could be found that systematically 
investigated the tirne and inhibitor doses/water quality 
adjustments na::eE3ry to overcorne the disturbances and 
damage to the lEa:! pipe &:ales that will be routinely occurring 
throughout cities across the U.S., as long as full or partial lEa:! 
service I i nes remain in service. 

Analyse; of the Chicago LSL s:::ales by EPA (to be reported 
els=mhere) revEEI that the surfoce coatings on both lEa:! service 
line and galvanized interior pipes from CDWM are primarily 
composad of amorphous aluminum, calcium, and phosphon.& 
rich deposits, and not crystalline lead(ll) (or zinc)
orthophosphate phaxs that are predicted by conventional 
divalent lEa:! plurnbo9Jivency theory for orthophosphate 
dosing.10

•
33.42 An understanding of the &:ales is ESSential to 

study and implement proooclures and strategies for efictive and 
tirnely repair of the protective s:::ales damaged by LSL 
disturbances, and to minimize the public's exposure to high 
lead levels that can result from damaging the scales. 
Experimental evaluations are critical when s:::ale compositions 
fall outside the s:;ope of well-understood predictive corrosion 
control practices. 

1111111111111111 r,~,,,,A.AJi 
* Supporting Information 

Additional background information, tabular summaries of 
s:rnpling results, and graphics. This material is available free 
of charge via the Internet at http:/ /pubs.acs.org. 
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The Lead and Copper Rule (LCR) is a treatment technique regulation that requires all public 
water systems to optimize corrosion control and utilizes tap sampling for lead and copper to 
determine whether additional actions need to be taken by the system. It is important to note that 
the sampling conducted under the LCR is not designed to evaluate individual consumers' lead 
exposure or risk and that the lead action level (AL) was not established as a health-based 
number. The lead AL is the level which EPA determined in 1991 that systems could feasibly 
meet, taking into account the available treatment technologies and the cost of those treatment 
technologies. The lead AL should not be viewed or used as a threshold value to determine 
whether the water is safe or unsafe to drink, and it should be reiterated that the EPA and CDC 
have determined that there is no safe level of lead exposure (i.e., no level at which there is not an 
adverse effect). 

Tap sampling conducted under the LCR is intended to measure the amount of lead and copper 
corrosion that is occurring in public water systems using worst-case site selection and a specified 
sampling protocol. The sampling protocols in the current LCR were established in 1991, based 
on the existence of many potential sources of lead throughout the water distribution system, 
including lead service lines connecting the water main to the homes, leaded- solder used to join 
copper pipe, and leaded-brass devices, such as meters, brass connectors and shut-off valves, 
faucets and fixtures. The current LCR sampling requirements are prescriptive and based on the 
relative significance of lead sources in 1991. The sequential sampling protocol (described below, 
and in the accompanying paper) that resulted in capturing the highest lead, as well as the sample 
results themselves, are not allowed to be used in the current compliance calculation. 

The LCR utilizes a combination of: worst-case site selection (sites expected to yield the highest 
lead results); sampling protocols used to capture the highest lead; and repeated sampling at the 
same sites in order to measure the level of lead corrosion that is occurring throughout the water 
distribution system. Utilizing this sampling structure allows U.S. EPA to keep the sampling 
burden on public water systems manageable, while still accomplishing the objectives of the 
sampling under the LCR. Absent these key components, the number of samples needed to 
accurately assess system-wide corrosion would necessarily need to increase substantially to 
accomplish the objectives of the LCR. 

The action level for lead is 0.015 mg/L, but is presented here as 15 Jlg/L for the purpose of using 
consistent units for the data. An exceedance of the lead AL based on the sampling triggers 
specific actions that a public water system must undertake to protect public health, such as 
installing or adjusting corrosion control treatment and providing public education. Additionally, 
where the corrosion control treatment has proven ineffective at lowering lead levels below the 
lead AL, the removal of lead service lines is triggered. There are many different corrosion 
mechanisms and factors that govern lead corrosion. The selection of sampling sites, sampling 
protocol, and site conditions are essential components for evaluating the level of corrosion that is 
occurring in the distribution system, regardless of the mechanism(s) or contributing factor(s). It 
is therefore critically important that the sampling protocol accurately portray the level of 
corrosion that is occurring. 
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Lead Service Line and Plumbing Information 

As part of the sampling protocol, residents were asked to provide a plumbing profile (figure S 1 ), 
describing their internal plumbing, and identifying the location of the kitchen tap, and shut-off 
valve/meter. 

Home Plumbing and Service Line Diagrams 
Below there are 4 diagrams for common household plumbing configurations and the 5th diagram is blank. Please 
review the diagrams and select the diagram that best matches the plumbing configuration for your home. Each of 
the diagrams shows where the water service line comes into the home and where the kitchen tap is located. If none 
of the four diagrams matches your home, use the blank diagram (number 5) to draw where the water service line 
comes into your home and where your kitchen tap is located. If you do not know where the service line comes into 
the home, you can note that in your Home Plumbing description below. 

Note: Some homes have water meters and some do not. On the diagrams below, if you do not have a water meter, 
pick the diagram that matches where your service line comes into your home and where the kitchen tap is, and cross 

out the meter symbol 

Home Plumbing Description: In the space below, please describe your home plumbing as best you can, from the 
point at which the water service line comes into your home to the location of your kitchen tap (length of pipe, 
diameter of pipe, pipe material, etc.): 

Figure Sl: Plumbing Profile Diagram 
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Table S 1 contains a summary of the LSL information for each sampling site. Due to the site
specific plumbing characteristics, the liter which first begins to capture LSL water at each site 
was expected to be variable, as was the liter which would begin to collect uncontaminated water 
from the water mains. The study findings regarding whether the current sampling protocol is 
capturing the corrosion that is occurring are not affected by this limitation. 

Site 
LSL Length LSLEnd 

Site 
LSL Length 

LSL End Point ft (meters) Point ft (meters) 
1 89(27.1) BFW 22 65 (19.8) IFW 
3 73 (22.3) IFW 23 66 (20.1) IFW 
4 Unknown Unknown 24 56 (17.1) IFW 
5 80 (24.4) IBW 25 70 (21.3) IFW 
6 60 (18.3) IFW 26 66(20.1) IFW 
7 59+ (18.0+) BFW 27 47+ (14.3+) Unknown 
8 57 (17.4) IFW 28 61+ (18.6+) Unknown 
9 102 (3l.l) BFW 29 159 ( 48.5) BFW 
10 48+ (14.6+) IFW 30 49+ (14.9+) Unknown 
11 50 (15.2) IFW 31 71 + (21.6+) IFW 
12 53 (16.2) IFW 32 43(13.1) IFW 
13 49+ (14.9+) Unknown 33 43+(13.1+) IFW 
17 58+ (17.7+) Unknown 34 Unknown Unknown 
18 76 (23.2) IFW 35 80 (24.4) BFW 
19 63(19.2) IFW 36 110 (33.5) IBW 
21 46 (14.0) IFW 38 51(15.5) IFW 

IFW = LSL ends just inside the front wall 
IBW = LSL ends just inside the back wall 
BFW = LSL ends at an unknown distance beyond the front wall 
+ = Indicates that the LSL was measured from the water main to the front the home, and it 
is not known whether the LSL extends beyond the front wall of the home. 
Table Sl: LSL Lengths- The length of the LSLs for most sites were measured and are presented in this table. The 
LSLs for two sites (site 4 and site 34) were not measured. 

Figure S2: LSL Bulb 
Figure S3: LSL segment (3/4 inch I 1.91 em Figure S4: Severely corroded galvanized 
diameter) iron pipe. 
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Figure S2 shows a typical LSL in Chicago coming up from the foundation of the basement. The lead service line is a 
dull gray and easily scratched with a key. The soft LSL is typically soldered to the interior (household) plumbing, 
leaving a characteristic bulb. The LSL can also be connected to household pipe using a brass compression fitting. 

Figure S3 is a close-up of a 3/4 inch (1.91 em) diameter LSL, showing the thickness of a typical LSL. 

Figure S4 is a cross-section of a severely corroded galvanized pipe from one of the sample sites. In this photograph 
the inner diameter is significantly reduced which affects the volume of water that will flow through the pipe in a set 
amount of time. For homes with corroded galvanized pipe, water will flow slower through the pipe and longer 
flushing times are generally needed to flush the lead from the plumbing. 

City Information 

Samples were collected from 32 single-family homes in Chicago with LSLs. Twenty-three 
homes were in the Jardine Plant service area and nine homes were in the South Plant service 
area. 

Site# Home Built Service Area 
01 1893 Jardine 
03 1960 Jardine 
04 1941 South 
05 1901 South 
06 1953 Jardine 
07 1900 Jardine 
08 1941 Jardine 
09 1920 Jardine 
10 1943 Jardine 
11 1912 Jardine 
12 1952 Jardine 
13 1950 South 
17 1907 Jardine 
18 1953 Jardine 
19 1912 Jardine 
21 1938 Jardine 
22 1924 Jardine 
23 1944 South 
24 1906 Jardine 
25 1917 South 
26 1954 South 
27 1891 Jardine 
28 1932 Jardine 
29 1890 Jardine 
30 1954 South 
31 1923 Jardine 
32 1923 South 
33 1927 Jardine 
34 1915 Jardine 
35 1900 Jardine 
36 1957 South 
38 1927 Jardine 

Figure SS: Home age and plant service areas for sampling locations 
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Table S2 contains a summary of the City's compliance monitoring data for lead. The City 
exceeded the lead AL only once, during the July-December 1992 compliance monitoring period. 

City of Chicago (1992- 2010) 
90th Percentile Lead Values (Jt~/L) 

Monitoring Period Begin Monitoring Period End Number of Samples 90th Percentile Value 

1/1/2008 12/31/2010 50 6 

1/1/2005 12/31/2007 50 6 

1/1/2002 12/31/2004 50 4 

1/1/1999 12/31/2001 50 7 

1/1/1999 12/31/1999 50 8 

1/1/1998 12/31/1998 53 14 

7/1/1997 12/31/1997 100 11 

1/1/1997 6/30/1997 100 10 

1/1/1993 6/30/1993 100 13 

7/1/1992 12/31/1992 120 20 

1/1/1992 6/30/1992 100 10 

Table S2: City of Chicago 90th Percentile Compliance Values (1992- 2010) 

Laboratory and Analytical Information 

All samples were inspected for visible particulates prior to delivery to the laboratory. In light of 
the significant increase in visible particulate in the final round of monitoring, the presence of fine 
particulates that would readily dissolve in the nitric acid preservative should not be discounted. 
Samples collected during the final round of monitoring coincided with the Fire Department's 
annual valve exercising. Colloidal lead may explain some of the variability in lead levels 
between the June and Sept/Oct rounds. 

Laboratory blanks, laboratory fortified blanks and laboratory fortified samples were nm at a 
frequency of at least one per twenty samples. Laboratory blanks run with the samples did not 
have any detections of lead above the reporting limit and all Laboratory fortified blanks and 
laboratory fortified samples had recoveries greater than 90%. 

All laboratory instrumentation was inspected and maintained according to Chicago Regional 
Laboratory maintenance protocols, and calibrated daily according to Chicago Regional 
Laboratory standard operating procedures. 

The Chicago Regional Lab Quality Assurance (QA) Contact performed a data quality assessment 
on the results based on laboratory blanks, laboratory fortified blanks and matrix spikes. The QA 
Contact identified no biases in the sample results due to these quality control measurements. 

Sampling Summaries 

Sample site summary table - A summary table of the types of samples collected at each 
site, for each sampling protocol is presented in Table S3 below. The highlighted rows for Sites 2, 
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14, 15, 16 & 37 were confirmed not to have LSLs and Site 20 is the same residence as Site 21 
(Kitchen tap and bathroom tap). Following the first round of sampling, Site 20 (bathroom tap) 
was no longer sampled, to maintain consistency of using kitchen taps across all sites. Only 
sample results from LSL sites are presented and analyzed in the study paper. The first liter of the 
sequential samples in June and Sept/Oct also serve as the PF first-draw samples. 

Summary of Samples Collected at Each Site 

Site# 
Total# Mar/April June Sept/Oct 

Samples Day 1 Day 2 Day 1 Day 1 Day2 Day3 
01 34 A,C B,D E-12 samples A E-14 samples F,G,H 
02 16 A,C B,D E-12 samples DNS DNS DNS 
03 30 A,C B,D E-12 samples A E-ll samples F,G 
04 16 A,C B,D E-ll samples DNS DNS DNS 
05 28 A,C B,D E-12 samples A E-ll samples DNS 
06 28 A,C B,D E-12 samples A E-ll samples DNS 
07 35 A,C B,D E-12 samples A E-15 samples F,G,H 
08 35 A,C B,D E-12 samples A E-15 samples F,G,H 
09 30 A,C B,D E-12 samples A E-ll samples F,G 
10 34 A,C B,D E-12 samples A E-14 samples F,G,H 
11 30 A,C B,D E-12 samples A E-ll samples F,G 
12 34 A,C B,D E-12 samples A E-14 samples F,G,H 
13 16 A,C B,D DNS A E-ll samples DNS 
14 4 A,C B,D DNS DNS DNS DNS 
15 4 A,C B,D DNS DNS DNS DNS 
16 4 A,C B,D DNS DNS DNS DNS 
17 34 A,C B,D E-12 samples A E-14 samples F,G,H 
18 30 A,C B,D E-12 samples A E-ll samples F,G 
19 27 A,C B,D E-12 samples DNS E-ll samples DNS 
20 4 A,C B,D DNS DNS DNS DNS 
21 28 A,C B,D E-12 samples A E-ll samples DNS 
22 28 A,C B,D E-12 samples A E-ll samples DNS 
23 30 A,C B,D E-12 samples A E-ll samples F,G 
24 33 A,C B,D E-12 samples A E-14 samples F,G 
25 16 A,C B,D E-12 samples DNS DNS DNS 
26 30 A,C B,D E-12 samples A E-ll samples F,G 
27 33 A,C B,D E-12 samples A E-14 samples F,G 
28 30 A,C B,D DNS A E-ll samples F,G 
29 40 A,C B,D E-12 samples A E-20 samples F, G,I 
30 18 A,C B,D DNS A E-ll samples F,G 
31 31 A,C B,D E-12 samples A E-12 samples F,G 
32 28 A,C B,D E-12 samples A E-ll samples DNS 
33 33 A,C B,D E-12 samples A E-14 samples F,G 
34 18 A,C B,D DNS A E-ll samples F,G 
35 30 A,C B,D E-12 samples A E-ll samples F,G 
36 30 A,C B,D E-12 samples A E-ll samples F,G 
37 4 A,C B,D DNS DNS DNS DNS 
38 16 A,C B,D E-12 samples DNS DNS DNS 

A ~ NHU First-draw Sample F ~ 3-minute Flushed Sample 

B ~ PF First-draw Sample G ~ 5-minute Flushed Sample 

C ~ NHU 45-Second Flushed Sample H ~ 7 -minute Flushed Sample 

D ~ PF 45 -Second Flushed Sample I~ 10-minute Flushed Sample 

E ~ Sequential Sample DNS ~ Site did not sample 

Table S3: Smmnary of samples collected at each site usmg each samphng protocol. 

S7 of42 

Flint FOIA Production 12-120000042 ED_ 000838 _ 00000227-00007 



EPA FOIA Production 12/12/2016 
Flint Water Documents 

First-draw and 45-secondjlushed samples- Results for first-draw and 45-second 
flushed samples using the normal household use (NHU) and pre-flushed (PF) sampling protocols 
are presented in Table S4 below. 

In addition to the first-draw samples, a 45-second flush sample was collected by nmning the 
water for 45 seconds immediately following the collection of the NHU first-draw and PF first
draw samples during the March/ April sampling. Overall, the 45-second flush sample results were 
higher than the first-draw results, and yielded a higher percentage of results above the lead AL. 
A total of32 NHU/45-second flushed and 32 PF/45-second flushed samples were collected, with 
6 NHU 45-second flushed results above the lead AL (19%), and 5 PF/45-second flushed results 
above the AL (16%). The total number of 45-second flush sample results above the lead AL was 
11 of 64 (17% ); a percentage significantly higher than the first-draw results (2% ). 

First-draw and 45-second Flushed Sample Lead Results (J.Lg!L) 

B = PF First-draw Sample DNS = Site did not sample 
C = NHU 45-Second Flushed n =number of collected 

Table S4a: First-Draw and 45-Second Flushed Sampling Results. Samples that were above the lead AL are in bold, 
and samples that contained visible particulates are shaded yellow. 

S8of42 

Flint FOIA Production 12-120000042 ED_ 000838 _ 00000227-00008 



90th %ile 
Pb Value 
(Jlg/L) 
No. of 
Samples 
No.> AL 

EPA FOIA Production 12/12/2016 
Flint Water Documents 

Summary ofNHU and PF First-Draw Results 
NHU PF PF NHU 

(Mar/Apr) (Mar/Apr) (June) (Sept/Oct) 

8 7 8 10 

32 32 28 29 

0 0 0 2 

PF 
(Sept/Oct) 

9 

30 

1 

Table S4b: Comparison ofLCR-equivalent 90th percentile results using alternative first-draw protocols. 

Sequential sampling results (June 2011)- The sequential sampling approach provided a 
more reliable (volumetric) method for assessing corrosion as compared to a flushed (time-based) 
approach. Attempting to characterize the flow at each site would require an evaluation of the 
plumbing materials and dimensions, as well as the condition of the plumbing materials at each 
site, is not a feasible or reliable protocol for compliance monitoring. 

The results of the each liter in the sequential sampling conducted in June are tabulated below in 
Table S5 by site. 
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Table SS: Smrunary of June Sequential Sampling Results. Samples that were above the lead AL are in bold, and 
samples that contained visible particulates are shaded yellow. 

Sequential Sampling Results (September and October 2011)- The results of the each 
liter in the sequential sampling conducted in September and October are tabulated below in 
Table S6 by site. Considerably more sample results contained visible particulates than in 
previous rounds. The presence of particulates may be a result of the Chicago Fire Department 
exercising valves during the time period when samples were being collected. 

All sites collected at least 11 sequential samples, and some sites with high sample results in June 
collected additional samples. The additional sequential sample results are included here but were 
not included in the data analyses, since extra samples were collected only from sites with high 
lead. A review of the data, including and excluding these additional results was performed to 
ensure that a bias has not been introduced, and the review indicates that the study findings are 
not significantly affected by including or excluding the data. With the additional 39 samples 
included, a total of 80 of 3 58 sample results (22%) exceeded the lead AL. Using only samples 1 
through 11 from each site, a total of 7 5 of 319 sample results (24%) exceeded the lead AL. For 
the purpose of the data analyses, the first liter sample from the sequential samples in June and 
Sept/Oct also serve as the first-draw PF sample. 
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Table S6a: Summary of September /October sequential sampling results used in data analyses. Samples that were 
above the lead AL are in bold, and samples that contained visible particulates are shaded yellow. 
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Site 12 
01 13.9 
03 --
05 --
06 --
07 12.7 
08 12.8 
09 --
10 --
11 --
12 6.98 
13 --
17 2.84 
18 --
19 --
21 --
22 --
23 --
24 12.8 
26 --
27 16.0 
28 --
29 11.1 
30 --
31 4.17 
32 --
33 12.4 
34 --
35 --
36 --

Min 2.84 

Max 16.0 
Ave 10.6 

90th o/oile 13.9 
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Sept/Oct Sequential Sampling Results by Site/Liter (Jtg/L) 
Liter 

13 14 15 16 17 18 
14.1 11.7 -- -- -- --
-- -- -- -- -- --
-- -- -- -- -- --
-- -- -- -- -- --

9.29 6.52 6.03 -- -- --
9.34 7.93 6.27 -- -- --

-- -- -- -- -- --
27.1 21.1 10.7 -- -- --

-- -- -- -- -- --
3.28 2.04 -- -- -- --

-- -- -- -- -- --
2.62 2.59 -- -- -- --

-- -- -- -- -- --
-- -- -- -- -- --
-- -- -- -- -- --
-- -- -- -- -- --
-- -- -- -- -- --

15.3 15.4 -- -- -- --
-- -- -- -- -- --

12.8 9.24 -- -- -- --
-- -- -- -- -- --

10.1 9.21 9.01 9.29 8.99 8.77 
-- -- -- -- -- --
-- -- -- -- -- --
-- -- -- -- -- --

11.5 10.1 -- -- -- --
-- -- -- -- -- --
-- -- -- -- -- --
-- -- -- -- -- --

2.62 2.04 6.03 9.29 8.99 8.77 
27.1 21.1 10.7 9.29 8.99 8.77 
11.5 9.58 8.00 9.29 8.99 8.77 
15.3 15.4 10.7 9.29 8.99 8.77 

19 20 
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --

8.73 8.39 
-- --
-- --
-- --
-- --
-- --
-- --
-- --

8.73 8.39 
8.73 8.39 
8.73 8.39 
8.73 8.39 

Table S6b: Smrunary of Supplemental September/October sequential sampling results not used in data analyses. 
Samples that were above the lead AL are in bold, and samples that contained visible particulates are shaded yellow. 
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Stagnation Times - Volunteers were asked to record the date and time water was last used, and 
the date and time when sampling began for each set of samples. Table S6c is a summary table 
which contains the stagnation times for the sequential samples, which is the amount of time the 
water sat motionless in the household prior to sample collection. 

Sample Collection Stagnation Times 

June Sequential Sept/Oct Sequential 
Sampling Sampling 

Stagnation Stagnation 
Site Time Site Time 

(brs:mins) (brs:mins) 
1 6:32 1 8:04 
3 7:13 3 7:45 
4 7:06 5 7:45 
5 7:00 6 8:00 
6 9:10 7 7:13 
7 7:24 8 6:05 
8 7:35 9 7:20 
9 8:15 10 *** 
10 6:06 11 7:08 
11 7:00 12 6:26 
12 8:06 13 *** 
17 6:25 17 6:55 
18 8:43 18 12:53 
19 6:30 19 *** 
21 6:15 21 6:00 
22 6:20 22 6:15 
23 7:45 23 9:00 
24 8:33 24 7:01 
25 8:32 26 7:00 
26 7:00 27 7:45 
27 7:00 28 8:00 
29 *** 29 *** 
31 7:26 30 10:45 
32 7:13 31 7:30 
33 7:02 32 6:54 
35 7:04 33 9:06 
36 7:45 34 7:05 
38 7:13 35 6:55 

36 8:47 

***Volunteer did not record date/time the water was 
last used, but said it was the day before and was at 
least 6 hours before sampling. 

Table S6c: Smrunary of stagnation times for sequential sampling. 
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Seasonal Variability- Table S6d contains a site by site comparison oflead concentrations. 

Seasonal Variability (Spring vs. Fall & Summervs. Fall) 

First-Draw NHU 
Sept/Oct> 

First-Draw PF 
Sept/Oct> Sequential Sept/Oct> 

Mar/Apr Mar/Apr Samples June 
No. ofSample 

28 
No. of Sample 

29 
No. ofSample 

285 
Pairs Pairs Pairs 
No. Higher in 

19 
No. Higher in 

20 
No. Higher in 

156 
Sept/Oct Sept/Oct Sept/Oct 
%Higher in 

68% 
%Higher in 

69% 
%Higher in 

55% 
Sept/Oct Sept/Oct Sept/Oct 
First-Draw Samples: Mar/Apr vs. Sept/Oct (Same Site, Same First-Draw Protocol Compared) 
Sequential Samples: June vs. Sept/Oct (Same Site/Same Liter Compared) 

Table S6d: Seasonal variability effects observed. 

Flushed sample results - The results of the flushed samples collected in September and October 
are tabulated in Table S7 by site. Most sites collected a 3 minute and 5 minute flushed sample. 
Some sites collected a 3, 5, and 7 minute flushed sample; and one site (site 29) collected a 3, 5, 
and 10 minute flushed sample, due to the length of the service line (159ft I 48.5 m). 

A flushed sample is collected by fully opening the sample tap and letting the water run for at 
least five minutes prior to a minimum 6 hour stagnation period. The date and time of the PF was 
recorded. After the minimum 6 hour stagnation period, and immediately before beginning the 
flushed sample collection, the date and time were again recorded and used as the start of 
sampling. The 3, 5, 7 and 10 minutes are measured from that start time, and water was not turned 
off between samples. For sequential sampling and flushed samples, the water was not turned off 
between samples. 

EPA's current Public Notification Handbook includes instructions that advise residents to run the 
water between 30 and 45 seconds before collecting water for consumption if the water has not 
been used for an extended period of time. Running the water (flushing) for 45 seconds resulted 
in high lead levels at the tap for some sites. The flushed sampling results in this study indicate 
that EPA should develop a more appropriate flushing guidance, based on whether a home has a 
LSL or not, and the length of the LSL. 

For homes with long LSLs, such as Site 29 (159ft I 48.5 m), flushing may not be a practical way 
to reduce lead levels, as lead levels did not decline any further following 3, 5 and 10 minutes of 
flushing. In the case of site 29, residents would likely have a minimum of approximately 8 to 
11 Jlg/L of lead in the drinking water for all water consumed, and should consider installing a 
water filter or using bottled water for drinking and cooking. 
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Flushed Sample Summary Table (pg/L) 
Mar/Apr2011 Mar/Apr2011 Sept/Oct2011 Sept/Oct 2011 Sept/Oct 2011 Sept/Oct 2011 

Site NHU 45sec PF 45sec 3min Smin 7min lOmin 
01 11.3 11.9 6.48 6.97 
03 12.0 6.71 3.78 2.93 
04 6.76 2.56 
05 13.2 14.1 
06 1.90 2.13 
07 15.3 24.9 5.49 5.46 5.32 
08 32.2 28.0 8.25 5.54 5.71 
09 15.9 17.7 14.3 7.23 
10 25.0 21.6 4.95 4.30 4.09 
11 4.13 5.30 1 75 1.69 
12 17.2 5.45 1 78 1.45 1.33 
13 3.50 2.94 
17 4.00 3.70 2.88 2.76 2.86 
18 9.57 12.4 4.15 3.71 
19 4.69 8.27 
20 2.80 2.54 
21 6.87 13.8 
22 9.19 7.93 
23 13.1 11.5 5.64 
24 6.10 4.98 6.38 
25 3.75 ND 
26 3.02 3.45 5.06 3.23 
27 4.53 3.76 15.0 14.1 
28 4.99 4.70 4.82 3.26 
29 13.5 28.6 11.9 10.9 10.8 
30 12.5 6.52 5.80 4.82 
31 3.16 12.3 3.78 3.76 
32 2.29 7.82 
33 16.4 14.0 4.40 4.06 
34 1.51 3.30 1.83 1.75 
35 5.28 10.5 5.53 4.03 
36 111 8.76 7.19 5.29 
38 1.60 2.30 

NHU 45sec Samples were collected following the collection of the First-Draw NHU samples by running the water 
for45 seconds following the collectionofthe First-Draw NHU sample. 

PF 45sec Samples were collected following the collection of the First-Draw PF samples by running the water for 45 
seconds following the collection of the First-Draw PF sample. 

3min, 5min, 7min, and lOmin flushed samples were collected after pre-flushing the tap for at least 5 minutes prior to 
the minimmn 6 hour stagnation time during which no water was used in the home. Following the stagnation period 
and prior to sample collection, residents flushed the tap for 3 min to collect the 3min sample, and then an additional 
2min for the 5min sample or 4min for the 7min sample. One site (site 29) had the longest lead service line so this 
site collected a 3 min, 5 min and lOmin flushed sample (water was flushed for an additional 5 minutes following the 
collection of the 5min sample to collect the 10 min flushed sample). Water was not turned off in between samples to 
avoid the water hatruner effect. Residents were instructed to have the bottles ready to insert under the faucet at the 

time. 

Site 20 and Site 21 are the same residence. Site 20 was the upstairs bathroom and Site 21 was the kitchen sink. Note 
that neither the 45sec NHU nor PF samples from the upstairs tap captured any LSL water, while at least one of the 
kitchen tap smnples did. 

Table S7: Smrunary table of flushed sample results. Samples that were above the lead AL are in bold, and smnples 
that contained visible particulates are shaded yellow. 
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Classification of Disturbed LSL Sites - A summary of the classification of each site as 
"disturbed", "undisturbed", or "indeterminate" is presented in Table S8, along with the number 
of samples collected per site and the number and percentage of sample results above the lead 
action level. The results from the "disturbed" and "undisturbed" sites are consistent with other 
research efforts showing that LSL disturbances result in higher lead levels [1-

31 . 

Disturbed, Undisturbed and Indeterminate Site Summary 

Disturbed 
Total #Samples 

Undisturbed 
Total #Samples 

Indeterminate 
Total #Samples 

Sites 
Samples AboveAL 

Sites 
Samples aboveAL 

Sites 
Samples aboveAL 

Collected (Disturbed) Collected (Undisturbed) Collected (Indeterminate) 
01 27 16 03 27 4 12 27 17 
05 27 2 04 14 0 21 27 7 
07 27 11 06 27 0 33 27 6 
08 27 19 11 27 0 --- --- ---
09 27 15 13 15 0 --- --- ---
10 27 15 18 27 0 --- --- ---
17 27 3 19 27 0 --- --- ---
27 27 5 22 27 0 --- --- ---
28 15 0 23 27 0 --- --- ---
29 27 15 24 27 0 --- --- ---
30 15 4 25 14 0 --- --- ---
31 27 10 26 27 0 --- --- ---
35 27 2 32 27 2 --- --- ---
--- --- --- 34 15 0 --- --- ---
--- --- --- 36 27 0 --- --- ---
--- --- --- 38 16 0 --- --- ---

Totals 327 117 Totals 371 6 Totals 81 30 
% of samples above AL: 36% % of samples above AL: 2% % of samples above AL: 37% 

Table S8: Smmnary Table of Disturbed, Undisturbed and Indeterminate Sites, with the number and percentages of 
sample results above the lead AL for each site and each grouping. 

Many direct LSL disturbances are localized to a specific segment of the LSL, and yet some sites 
have higher lead levels in sample liters over a significant portion of the LSL, not just in the 
immediate area of the LSL that was disturbed. A probable reason is that, except for the initial 
liter of water, each subsequent one-liter sample reflects both lead levels within the segment of 
the plumbing where the water stagnated as well as a contribution from the rest of the plumbing 
the water travelled through. For example, the fifth liter of water collected from a kitchen tap will 
not only capture the lead from the segment of LSL where the water stagnated, but it will also 
collect contributions from the plumbing downstream as the water passes through the remaining 
LSL and internal plumbing on the way to the kitchen tap. If the sample results only represented 
the portion of the plumbing where the water stagnated, it would be expected that a variety of 
metals would be found in the initial liters due to the presence of a variety of metallic plumbing 
materials and components, but only lead should be found in the LSL samples. In this study, a 
variety of metals was detected even in samples that represented LSL samples (Figure S6). 

Specifically, for Site 9, information provided by the resident indicated that the internal pipe from 
the LSL to the kitchen tap was galvanized iron pipe. This was confirmed by the co-occurrence of 
higher levels of zinc and iron within the first liter of water in figure S6. There were no copper 
pipes in the home, so the presence of the copper is indicative of brass components (faucet, 
connectors, shut-offvalve(s), and the water meter). Trace amounts of iron, zinc and copper are 
captured in the later liter samples as the water flows through the internal plumbing en route to 
the kitchen tap, along with traces of iron, potentially from the water main. It can reasonably be 
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assumed that the same phenomenon occurred for lead. Disturbed areas of the LSL have damaged 
scale, which can expose water passing through them to fresh lead. Therefore, lead measured in 
any sample upstream of the damaged area may include lead contributions from the damaged 
area. 

Sample location: Site 9 (June Sequential Sampling) 

•Lead Zinc 

2.5 90 
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10 

30 

.5 20 

10 

0 0 

1 2 3 4 .5 6 7 8 9 10 11 12 

Figure S6: The LSL at Site 9 measures approximately 102 ft (31.1 m) from the water main to the meter. From the 
meter, there is approximately 13.5 ft ( 4.1 m) of 1 inch (2.54 em) galvanized pipe to the kitchen tap. 

Variability of lead levels in City B- A second city, City B, exceeded the lead AL during 
the July-Dec 2010 monitoring period, and was required to comply with the LSL replacement 
requirements in the LCR. Table S9 contains the compliance monitoring history for City B. 

Monitoring Period Monitoring Period Number of Lead 901
n Percentile 

Begin Date End Date Samples Value (~g/1) 
7/1/2011 12/31/2011 101 12 
1/1/2011 6/30/2011 130 14 
7/1/2010 12/31/2010 105 23 
1/1/2009 12/31/2009 51 15 
1/1/2008 12/31/2008 58 14 
1/1/2007 12/31/2007 50 11 
1/1/2006 12/31/2006 60 14 
1/1/2005 12/31/2005 54 13 
1/1/2004 6/30/2004 104 12 
7/1/2003 12/31/2003 108 12 
1/1/2002 12/31/2004 50 15 
1/1/1999 12/31/1999 55 14 
1/1/1998 12/31/1998 50 6 
1/1/1997 12/31/1997 50 7 
7/1/1996 12/31/1996 50 15 
1/1/1996 6/30/1996 50 15 
7/1/1992 12/31/1992 50 15 
1/1/1992 6/30/1992 50 21 

Table S9: City B 90th percentile compliance values (1992- 2012). Samples that were above the lead AL are in bold. 
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The sampling instructions presented in Figure S7 are in accordance with the LCR, and were used 
to collect the LSL samples in City B, which has approximately 25,000 LSLs. 

Instructions for Lead Sample Collection 

1 Make sure the faucet used for 

device. 
z At make sure the rnu ... wu'" 

undisturbed for a 

collection 

11 No faucets in the house are 
11 The toilet is not flushed 

• The water Is not run for an lee maker. 

3 When you are to collect the <:::~m,n•~>~ 

Make sure the is taken before any other water is used. 

" the collection container. 

• Turn on the cold water. 
11 Allow the water to run until there a ~•arutlr·::~nt 

• Fill the container to the shoulder. 

• Do not rinse the bottle out. 
11 capthe 

4 Fill out the enclosed chain of 

S Fold and secure the chain 

container. 

container. 

form and survey. 

Place the container outside where it was·delivered. 

remains 

shower and sinks. 

•:• A utilities up the container. No one will enter your home. The 

must be left outside to be up. 

Figure S7: LSL sampling instructions provided by City B to residents. 

The sampling protocol used for collecting LSL samples ("allow the water to run until there is a 
significant change in temperature") can result in some sample results reflecting lead levels from 
internal plumbing rather than from within the LSLs. 

The results from City B are presented below in Figure S8. Similar to the results presented for the 
study of Chicago, City B 's results show significant variability in LSL lead levels across the 
system. Following the 2010 lead AL exceedance, the City B took 1,975 LSL samples, with a 
total of 1,762 results (89%) below the lead ALand 213 results (11 %) above the lead AL. LSL 
results above the AL were significantly variable, ranging from 16 Jlg!L to 580 Jlg/L with a large 
number of sample results in exceedance of 50 Jlg!L. 
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Lead Service Line Results Above AL - City B 
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Figure S8: Range of lead values for City B LSL sampling results 
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Sequential Sampling Summary Graphs-The headers are color-coded based on whether 
the site has a disturbed LSL (red) or an undisturbed LSL (green). Sites for which this could not 
be determined (indeterminate sites) are color-coded orange. Water usage information is listed for 
each site. The samples which contained visible particulates are highlighted yellow, and the 
results that are above the lead AL are in bold text in the data tables. For sites that conducted 
sequential sampling in both June and Sept/Oct, the sequential sampling profiles were generally 
consistent during both sampling periods (see Figures S9- S40). 
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Disturbance( s ): Water meter installed in 20 I 0 
ApproximateLSL Length: 89ft (27.1 m) 
AveMonthlyWaterUse: 3,444gal.(l3,037 L) 

Figure S9: Sequential Lead Results- Sample Site #I (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 73ft (22.3 m) 
Ave Monthly Water Use: Not metered 

5 

Figure SlO: Sequential Lead Results- Sample Site #3 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: Unknown 
Ave Monthly Water Use: Not metered 

Figure Sll: Sequential Lead Results- Sample Site #4 (June) 

Site4 -June 

SiteS -June 

1 l 4 5 

Disturbance( s ): Water meter installed in 20 II 
ApproximateLSL Length: 80ft (24.4 m) 
Ave Monthly Water Use: 10,400 gal. (39,368 L) 

Figure S12: Sequential Lead Results- Sample Site #5 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 60ft (18.3 m) 
Ave Monthly Water Use: Not metered 

5 

Figure S13: Sequential Lead Results- Sample Site #6 (June and Sept/Oct) 
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Disturbance(s): Street excavation, potential installation of Cu whip at service connection in 2008 
ApproximateLSL Length: 59+ ft (18.0+ m) 
Ave Monthly Water Use: Not metered 

Figure S14: Sequential Lead Results- Sample Site #7 (June and Sept/Oct) 
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Site 8 

1 2 .3 4 5 6 7 8 9 

Disturbance( s ): Leak in parkway, repaired roundway in 2005. 
ApproximateLSL Length: 57ft (17.4 m) 
Ave Monthly Water Use: Not metered 

Figure S15: Sequential Lead Results- Sample Site #8 (June and Sept/Oct) 
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Disturbance(s): Water meter installed in 2008. 
ApproximateLSL Length: 102 ft(3U m) 

Site9 

6 7 
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10 11 12 B 14 15 
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Ave Monthly Water Use: 3,190 (12,075 L)- In Sept 20ll, usage was 24,000 gaL (90,850 L) due to 
hose left running for one or more days. In calculating the overall average, the Sept 20 I 0 value of 
8,000 gaL (30,283 L) was also used for Sept 2011 instead of the 24,000 gaL (90,850 L) value. 

Figure S16: Sequential Lead Results- Sample Site #9 (June and Sept/Oct) 
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Site 10 -June 

1 2 .':\ 4 5 6 7 8 9 10 11 12 B 14 15 

Disturbance(s): Service leak repair, water meter installed in 2009. 
ApproximateLSL Length: 48+ ft (14.6 m) 
Ave Monthly Water Use: 1,826 gal. (6,912 L) 

Figure S17: Sequential Lead Results- Sample Site #10 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 50ft (15.2 m) 
Ave Monthly Water Use: Not metered 

5 

Figure S18: Sequential Lead Results- Sample Site #II (June and Sept/Oct) 
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Disturbance( s ): Indeterminate 
ApproximateLSL Length: 53 (16.2 m) 
Ave Monthly Water Use: Not metered 
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Figure S19: Sequential Lead Results- Sample Site #12 (June and Sept/Oct) 

Disturbance(s): No known disturbance 
ApproximateLSL Length: 49+ ft (4.9 m) 
Ave Monthly Water Use: Not metered 

Figure S20: Sequential Lead Results- Sample Site #13 (Sept/Oct) 
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Site 17 
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Disturbance(s): Meter replacement in 2008. 
ApproximateLSL Length: 58+ ft (17.7+ m) 
Ave Monthly Water Use: 9,772 gaL (36,991 m) 

Figure S21: Sequential Lead Results- Sample Site #17 (June and Sept/Oct) 
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Disturbance(s): No known distutbance 
ApproximateLSL Length: 76ft (23.2 m) 
Ave Monthly Water Use: Not metered 

5 

Figure S22: Sequential Lead Results- Sample Site #18 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 63ft (19.2 m) 
Ave Monthly Water Use: Not metered 
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Figure S23: Sequential Lead Results- Sample Site #19 (June and Sept/Oct) 
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Disturbance( s ): Indeterminate 
ApproximateLSL Length: 46ft (14.0 m) 
Ave Monthly Water Use: Not metered 
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Figure S24: Sequential Lead Results- Sample Site #21 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 65ft (19.8 m) 
Ave Monthly Water Use: Not metered 
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Figure S25: Sequential Lead Results- Sample Site #22 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 66ft (20.1 m) 
Ave Monthly Water Use: Not metered 
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Figure S26: Sequential Lead Results- Sample Site #23 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 56ft (17.1 m) 
Ave Monthly Water Use: Not metered 
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Figure S27: Sequential Lead Results- Sample Site #24 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 70ft (21.3 m) 
Ave Monthly Water Use: Not metered 
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Figure S28: Sequential Lead Results- Sample Site #25 (June and Sept/Oct) 
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Site 26 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 66ft (20.1 m) 
Ave Monthly Water Use: Not metered 

Figure S29: Sequential Lead Results- Sample Site #26 (June and Sept/Oct) 
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Disturbance(s): Meter replacement in 2010. 
ApproximateLSL Length: 47+ ft (14.3 m) 
Ave Monthly Water Use: 4267 gaL (16,152 L) 

Figure S30: Sequential Lead Results- Sample Site #27 (June and Sept/Oct) 
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4 

Disturbance(s): Meter replacement in 2009. 
ApproximateLSL Length: 61+ ft (18.6+ m) 
Ave Monthly Water Use: 4273 gal. (16,175 L) 

Figure S31: Sequential Lead Results- Sample Site #28 (Sept/Oct) 
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Disturbance(s): Probable Approximate LSL leak repair, meter installed in 2010. 
ApproximateLSL Length: 159ft (48.5 m) 
Ave Monthly Water Use: 1,438 gal. (5,443 L) 

Figure S32: Sequential Lead Results- Sample Site #29 (June and Sept/Oct) 

S3Jof42 

10 11 

----

17 18 19 20 

Flint FOIA Production 12-120000042 ED_ 000838 _ 00000227-00031 



EPA FOIA Production 12/12/2016 
Flint Water Documents 

Site 30 

Disturbance(s): Broken water main in 2000, sidewalk replaced & street re-surfacing. 
ApproximateLSL Length: 49+ ft (14.9 m) 
Ave Monthly Water Use: Not metered 

Figure S33: Sequential Lead Results- Sample Site #30 (Sept/Oct) 
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Site 31 

Disturbance( s ): Approximate LSL leak repair in 20 I 0. 
ApproximateLSL Length: 7l+ft(2l.6+m) 
Ave Monthly Water Use: Not metered 

Figure S34: Sequential Lead Results- Sample Site #31 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 43 ft(l3.l m) 
Ave Monthly Water Use: Not metered 
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Figure S35: Sequential Lead Results- Sample Site #32 (June and Sept/Oct) 
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Disturbance( s ): Indeterminate 
ApproximateLSL Length: 43+ ft (13.1 m) 
Ave Monthly Water Use: Not metered 
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Figure S36: Sequential Lead Results- Sample Site #33 (June and Sept/Oct) 
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Site34 

1 2 3 4 .s 6 

Disturbance(s): No known disturbance 
ApproximateLSL Length: Unknown 
Ave Monthly Water Use: Not metered 

Figure S37: Sequential Lead Results- Sample Site #34 (Sept/Oct) 
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Disturbance( s ): Meter installed in Aug 2011 (between June and Sept/Oct sampling). 
ApproximateLSL Length: 80ft (24.4 m) 
Ave Monthly Water Use: 4,667 gaL (17,667 L)- Data available only for Aug-Oct 2011 

Figure S38: Sequential Lead Results- Sample Site #35 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 83+ ft (25.3 m) 
Ave Monthly Water Use: Not metered 

Site36 

5 6 

Figure S39: Sequential Lead Results- Sample Site #36 (June and Sept/Oct) 
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Disturbance( s ): No known disturbance 
ApproximateLSL Length: 51 ft(l5.5 m) 
Ave Monthly Water Use: Not metered 

Figure S40: Sequential Lead Results- Sample Site #38 (June) 
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Sampling collection and reporting instructions and forms 

-June 

-------- ' ------- '··----------

7 3 9 10 11 12 

7 3 9 10 11 12 

March/April sampling- The sampling instructions and forms below were used in the 
March/ April sampling. Sampling was scheduled to conclude in March, but the sampling ran into 
April. As a result of the instructions below, some volunteers sampled one day at the kitchen tap 
and one day at the bathroom tap. The intent was to have all samples collected from the same tap, 
so volunteers that split the samples were asked to collect replacement samples so that a complete 
set of four samples was collected at the same tap. We chose the kitchen tap, and all samples 
collected thereafter were also collected at the kitchen tap. In addition, the 45-second flushed 
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sampling protocol was not used after the March/ April sampling due to the complication with 
corroded galvanized pipe. 

You will be taking a total of 8 samples for this study. One set of 4 samples will be taken in March 2011 and one set 
of 4 samples (using the same instructions) will be taken in August 2011. 

General Instructions for all four samples of a set 
Sample # 1 and Sample #2 must be collected one after another on the same day. 
Sample #3 and Sample #4 must also be collected one after another on the same day, and within the same week as 
Sample #1 and Sample #2. 

All samples should be collected from taps that are generally used by your household for drinking water. Do not 
collect samples from a taps that have not been used within the last 24 hours. Use a kitchen or bathroom cold-water 
faucet for your sampling. 

Do not collect samples from a tap that has a water filter or is connected to a water softener. If you have a water 
softener or water filter on your kitchen tap, collect your sample from a bathroom tap that is not attached to the water 
softener or water 

Collecting Sample # 1: The first sample is to be collected after water throughout the household has not been used 
for a minimum of 6 hours (example: midnight to 6am). During these 6 hours, do not flush toilets, shower, or run 
water from other faucets. The best time to collect samples is either: 
1) First thing in the morning, before any water is used in the household; or 2) Immediately upon returning from 

work, and prior to using any water, as long as water has not been used in the household during the day. 

1. When you are ready to collect your first sample, use the sample bottle labeled 'Sample # 1 '. 
2. Do not run any water from the tap before collecting the first sample. 
3. Place the opened sample bottle below the faucet and gently open the cold water tap. 
4. Fill the sample bottle as you would normally fill a glass of water for drinking, up to the neck of the bottle (see 

and turn off the water. the bottle. 

Important: Please make sure you use the bottle labeled 'Sample #2' (or your second sample' 

Collecting Sample #2: This sample is to be collected from the same faucet as Sample #1, immediately after 
collecting Sample #1. 

l. 45 Shut off the water and 
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sample bottle (labeled Sample #2) below the faucet and gently open the cold water tap. 
2. Fill the sample bottle as you would normally fill a glass of water for drinking, up to the neck of the bottle (see 

Dhl)to:graons on first and tum off the water. the bottle. 

Important: Please make sure you use the bottle labeled 'Sample #3' (Or your third sample! 

Collecting Sample #3: Collect on a different day in the same week as Samples #1 & #2. 

1. Before letting the water sit for a minimum of 6 hours, run the water from the faucet for 5 minutes at a high rate, 
and then do not use any water in the household for at least 6 hours after that (Example: Run the water for 5 
minutes at midnight before going to bed, and then do not use any water in the household until collecting the 
third sample at 6 am the following morning). 

2. Do not run any more water from the tap before collecting the third sample. Place the opened sample bottle 
below the faucet and gently open the cold water tap. 

3. Fill the sample bottle as you would normally fill a glass of water for drinking, up to the neck of the bottle (see 
Dhl)to:graohs on first and tum off the water. the bottle. 

Collecting Sample #4: This sample is to be collected from the same faucet as Sample #3. 

1. Immediately after collecting Sample #3, run the water for 45 seconds. Shut off the water, and place the opened 
sample bottle (labeled Sample #4) below the faucet and gently open the cold water tap. 

2. Fill the sample bottle as you would normally fill a glass of water for drinking, up to the neck of the bottle (see 
on first and tum off the water. the bottle. 

Figure S41: March/April sampling instructions. 
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Sample ID (from Sample Bottle #1): _____ _ Date/time Sample #1 was collected: 

Volunteer ID: Sampling Location: Kitchen Faucet D Bathroom Faucet D 

Date/time the water was last used in household before collecting Sample #1: 

\Vas sample #1 collected from a faucet that has a water softener or water filter? YesD NoD 

Sample ID (from Sample Bottle #2): _____ _ Date/time Sample #2 was collected: 

Volunteer ID: Sampling Location: Kitchen Faucet D Bathroom Faucet D 

Date/time the water was last used in household before collecting Sample #2: 

\Vas Sample #2 collected from the same faucet as Sample #1: YesD NoD 

Sample ID (from Sample Bottle #3): _____ _ Date/time Sample #3 was collected: 

Volunteer ID: Sampling Location: Kitchen Faucet D Bathroom Faucet D 

Date/time the faucet was flushed before collecting Sample #3: ______________ _ 

\Vas sample #3 collected from a faucet that has a water softener or water filter? YesD NoD 

Sample ID (from Sample Bottle #4): _____ _ Date/time Sample #4 was collected: 

Volunteer ID: Sampling Location: Kitchen Faucet D Bathroom Faucet D 

Date/time the faucet was flushed before collecting Sample #4: ______________ _ 

\Vas Sample #4 collected from the same faucet as Sample #3: YesD NoD 

Have there been any plumbing repairs or plumbing work done within the household during the last six months (including installation of 
new faucets)? Yes D No D 

If yes, explain briefly (Example- 'New faucet installed one week ago'): 

FOR EPA USE: Samples received by---------- Date/Time: 

Samples transferred to Region 5 Laboratory by---------- Date/Time: ---------

Volunteer Certification: I have read the sampling instructions and have collected the samples in accordance with the 
instructions provided. 

OR __________________________ _ 
Signature/Date Volunteer ID/Date 

Figure S42: March/ April sample collection and reporting form. 
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Sequential Sampling Instructions for June- The sampling instructions and forms below were used 
in the June sequential sampling. 

Sequential Sampling Instructions 
Please read all instructions before beginning your sampling 

General Information 
•Use only the kitchen faucet for all of these samples. 

•Use only cold water and open the cold water tap all the way when filling the bottles. 

•Fill each bottle to the top of the label on the sample bottle. 

Sam~ling Instructions 
•The night before sampling (right before everyone goes to bed) run the water from the kitchen tap for at least 5 
minutes. Write down the date/time you finished running the water on the form on the back side of this page. 

•The water must sit motionless in the home plumbing for at least 6 hours before collecting the samples so do not use 
water in the home after you finished running the water and until all samples are collected the following morning. 
Showering, flushing toilets, or other water use will affect the sampling results. It may help to tape a sign in the 
kitchen and bathrooms with a reminder not to use the water, in case people forget. 

• The bottles are numbered, and it is very important to collect them in order (Sample 1 first, Sample 2 second, etc.). 

• In the morning, when you are ready to sample, place the open bottles in order by sample number. You will be 
collecting the samples without shutting off the water in between samples, so you should remove the caps from all 
bottles so that you have all of the bottles ready to fill. You can put the caps on after all samples have been collected. 
Try not to let any water spill in between samples. 

•Write down the date/time right before you sample on the form on the back side of this page. 

•Begin by placing the Sample 1 bottle under the faucet and open the cold water slowly until the faucet is fully open. 
While one bottle is filling, grab the next bottle so that you are ready to move it under the faucet quickly. 

•Once the bottle is filled to the top of the label, quickly place the Sample 2 bottle under the faucet, and continue until 
you have filled all sample bottles. 

Sequential Sampling- Sample Collection and Reporting Form 
Volunteer ID: 

Sampling Information 
Date/time the wate1· was last used in household (the night before collecting the samples): -
Date/Time Volunteer Began Collecting Samples: 
Were All Samples Collected from the Kitchen Tap? Yes D NoD 

FOR EPA USE: Samples received by Date/Time: 
Samples transferred to Region 5 Laboratory by Date/Time: 

EPA Use: Visible Particulate in any samples? YesD NoD 
If Yes -List Samples With Particulate 

Volunteer Certification: I have read the sampling instructions and have collected the samples in accordance with 
the instructions provided. 

----------------------------------------- OR ______________________________ _ 
Signature/Date Volunteer ID/Date 

Figure S43: June sampling instructions and sample collection and reporting form. 
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Sampling instructions for September/October - In the final round of sampling, the number and 
type of samples was customized to each site and sites collected 3 days of sampling. The 
instructions below were for a site collecting one NHU First-draw sample, 11 sequential samples 
and a 2 flushed samples. Some sites collected additional sequential samples and some collected 3 
flushed samples instead of two. 

Sampling Instructions 
Please read all instructions before you start sampling. 

General Information 
Use only the kitchen faucet for all of these samples. 
Use only cold water. 
Open the cold water tap all the way when filling the bottles. 

u Fill each bottle to the top of the label on the sample bottle. 
Sampling Instructions 

There are three different sets of samples for you to collect (Sample Set #1, #2 and #3). 
Each set will be taken on a different day. (The three sampling sets do not have to be taken on three days in 
a row.) 

U A section of the reporting form (attached) needs to be filled in for each day of sampling. 
A) Sample Set #1 (1 bottle, Blue Label) 
1. The water must sit motionless in the home plumbing for at least 6 hours before collecting the sample. Typically, 
the night before taking the sample, make sure that no one uses water in the home until you collect the sample from 
the kitchen the following morning. 

2. In the morning, when you are ready to sample, write down the date/time on the attached form. 

3. Fill up the bottle with the BLUE LABEL. That's it for collecting the first sample set. 
B) Sample Set #2 "Sequential Sampling" (11 bottles, WHITE LABELS) 
1. The night before sampling (right before everyone goes to bed) run the water from the kitchen tap for at least 5 
minutes. Write down the date/time you finished nmning the water on the form. After nmning the water for 5 
minutes, it should sit motionless in the home plumbing for at least 6 hours. 

2. In the morning, your first water usage should be collecting eleven samples in a row (one after another). Use the 
bottles with the WHITE LABELS. The samples should be collected without shutting off the water in between 
samples. To do this, remove the caps from all eleven bottles before you tum on the water. 

3. Place the eleven open bottles in order by sample nmnber before you start collecting the samples Try not to waste 
water in between the samples. You can put the caps on after all 11 samples have been collected. The bottles are 
numbered Seq 01, to Seq 1l.lt is very important to collect the samples in order (Seq 01 first, Seq 02 second, 
etc.). 

4. Use the attached reporting fonn to note the date and time that you started taking the sample set. 
C) Sample Set #3 (2 Bottles, GREEN LABEL and YELLOW LABEL) 
1. The night before sampling (right before everyone goes to bed) run the water from the kitchen tap for at least 5 
minutes. Write down the date/time you fmished nmning the water on the form. After nmning the water for 5 
minutes, it should sit motionless in the home plumbing for at least 6 hours. 

2. In the morning, when you are ready to sample, write down the date/time on the attached reporting form. 

3. Run the water for 3 minutes, then collect a sample in the jar with the GREEN LABEL. Continue to let the water 
run for an additional2 minutes (for a total of 5 minutes), and collect the final sample in the bottle with the 
YELLOW LABEL. 

Figure S44: Sept/Oct sampling instructions. 
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Sample Collection and Reporting- Sampling set # 1 (Blue label) 
Volunteer ID: 

Sampling Information 

Date/time the water was last used in household (the night before collecting the samples): 

Date/Time Volunteer Began Collecting Samples: 

Were All Samples Collected from the Kitchen Tap? Yes D NoD 

FOR EPA USE: Samples received by Date/Time: 

Samples transferred to Region 5 Laboratory by Date/Time: 

EPA Use: Visible Particulate in any samples? YesD NoD 
If Yes -List Samples With Particulate 

-

Sample Collection and Reporting- Sampling set# 2 (11 samples, White labels) 
Volunteer ID: 

Sampling Information 

Date/time the water was last used in household (the night before collecting the samples): 

Date/Time Volunteer Began Collecting Samples: 

Were All Samples Collected from the Kitchen Tap? Yes D NoD 

FOR EPA USE: Samples received by Date/Time: 

Samples transferred to Region 5 Laboratory by Date/Time: 

EPA Use: Visible Particulate in any samples? YesD NoD 
If Yes -List Samples With Particulate 

Sample Collection and Reporting- Sampling set# 3 (Green and Yellow labels) 
Volunteer ID: 

Sampling Information 

Date/time the water was last used in household (the night before collecting the samples): 

Date/Time Volunteer Began Collecting Samples: 

We1·e All Samples Collected from the Kitchen Tap? Yes D NoD 

FOR EPA USE: Samples received by Date/Time: 

Samples transferred to Region 5 Laboratory by Date/Time: 

EPA Use: Visible Particulate in any samples? YesD NoD 
If Yes -List Samples With Particulate 

Volunteer Certification: I have read the sampling instructions and have collected the samples in accordance with 
the instructions provided. 

Signature/Date 

OR __________________________ __ 

Volunteer ID/Date 

Figure S45: Sept/Oct sample collection and reporting form. 
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Background. Most IEEd in drinking water comes from 
premisa plumbing materials and IEEd sarvire lines (LSLs). LSLs 
are generally the largest sourre of lEa:! in drinking water when 
they are prES:lnt in public water systems.1 The 1986 83fe 
Drinking water Act Amendments banned new lEa:! pipes in the 
potable water network, but a legocy of millions of partial or 
whole LSLs remains in many public water systems.2 Where the 
term "lEa:! corrosion" is U93d, it refers to the corrosion of lEa:! 
plumbing materials that result in the transfer of dissolved or 
particulate lEa:! into the drinking water. 

The LEa:! and Copper Rule (LCR) sanpling is intended to 
rra:EUre the lEa:! le.tels in drinking water to cm:ss the 
efi:cti\1811Effi of corrosion control trEEtment utilized by public 
water systems (P/11'2£,) to minimize lEa:! in drinking water. 
P/11'2£, are required to usa sanpling sites that are presumed to 
be the highest-risk sites for IEEd rela:se, and to optimize 
corrosion control to minimize lEa:! levels at consumers' taps. 
Most published sanpling studies typically focus on systems 
having high IEEd levels or systems that have experienced 
challenges in attempting to balanre LCR complianre with 
various other trEEtrnent or water quality objECtives. Exoept for 
LCR compl ianre data, I itt le published data exists or is available 
for systems that are considered to be operating with optimal 
corrosion control and meeting the lEa:! action level (AL) in the 
LCR This study focuses on a system that is considered to have 
optimized corrosion control using a blended phosphate, with a 
relatively stable water quality, and complianre results 
historically well below the lood AL. This situation is 
reprES:lntative of a large percentage of systems sarving 
100,000 or more people that utilize orthophosphate or blended 
phosphates for corrosion control and the vast majority of 
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systems are meeting the lEa:! AL t:a::ecl on the current S31llpling 
protocol in the LCR. Additional information on the LCR and 
study is available in the Supporting Information (SI ). This 
study fOCU93d on whether (1) the current LCR complianre 
sanpling protocol adequately captures the pEEk lEa:! levels in a 
water system; (2) "preflushing" (PF) results in capturing lower 
lEa:! le.tels in sanples compared to S31llples collECted under 
normal household ~ (NHU) conditions; (3) a first-draw 
sanpling protocol appropriately determines the adequacy of 
optimal lEa:! corrosion control in water systems with LSLs; and 
(4) there is93ESOnal variability in thesanpling results using the 
difurent sanpling protocols. 

System Information. The Chicqp Department of water 
Management (CDWM) operates two similar conventional 
surfcm water filtration trEEtment plants sarving approximately 
5.4 million residents, including th093 in 125 suburbs. Lake 
Michigan is the sole water sourre, with relatively stable water 
quality looving the trEEtment plants and in the distribution 
system (Table 1). Before the LCR, CDWM utilized pH/ 
alkalinity adjustment for corrosion control. CDWM switched to 
a proprietary blended phosphate at both plants between 1993 
and 1994 which is still U93d as the primary corrosion control 
trEEtment. 

The LCR requires public water systems to collECt lEa:! 
sanples using a first-draw (FD) S31llpling protocol, andS31llples 
were collECted almost exclusively from single-fanily homes with 
LSLs as required by the LCR sanple site saiECtion require-
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Table 1. Water Quality Data 2011 

outlets distribution 

parameter min max min max 

temp (°C) 4 24 5 23 
turbidity (NTU) 0.1 0.2 0.1 0.4 
pH 7.5 7.8 7.7 7.8 
Cl2 residual (mg/L) 1.0 1.2 0.7 0.9 
total alkalinity (mg/L as CaC03) 103 108 98 108 
chloride (CI, mg/L) 16 20 17 20 
sulfate (mg/L) 29 31 29 30 

Ca (mg/L) 34 39 34 39 

P04 (mg/L) 0.4 0.6 0.5 0.5 
total P04 (mg/L) 0.8 1.1 0.8 1.2 

AI (119/L) 34 126 29 113 

Fe (119/L) <5 <5 <5 34 

Mn (119/L) <3 <3 <3 <3 

ments.3 8ince the initial LCR monitoring, Chicago has 
exoea::led the IEEd AL only once, during .lily- Doo3mber 
1992, with an averqJe OOth percentile compliance monitoring 
value between 1999 and 2010 of 6 iJQ/L (81 Table 82).3 

The LCR requirES 1-L, FD tap S311lpiES of water that has 
stood motionlESS in the plumbing system (i.e., has st<{lnated 
within the plumbing) for at least 6 h. The two variants of the 
FD scmpling protocol currently used by public water system; 
are defined herein as the NHU first-draw scmple, where water 
is used in a normal household manner, and then allowed to sit 
motionlESS in the plumbing for at least 6 h before the scmple is 
collected; and the PF first-draw S311lple, where the water is run 
from the S311lpling tap for a specified crnount of time 
immediately prior to the st<{lnation period. Howe.ter, the 
LCR dOES not provide specific details on water t..re during the 
st<{lnation period. 

Almost all p.,r.,f'2£, in the U.S. rely on rESidents to collect 
compliance scmpiES under the LCR and there are difurenCES 
ocrOffi the U.S. in how system; instruct rESidents not to t..re the 
water during the st<{lnation period prior to collecting the 
scmple. A re.tiew of example sats of scmpling instructions 
provided to rESidents by large p.,r.,f'2£, in the U.S. found that 
some are instructed not to t..re any water fran the tap to te 
scmpiEd during thest<{lnation period. Others are instructed not 
to t..re any waler in the ha..f£:tnld. Prior to 2009, CDWM used 
the PF first-draw scmpling protocol, with a 5-min preflush 
preceding st<{lnation. Recent instructions to rESidents included 
not using water from the scmpling tap or from any 1163rby tap 
until the (poststC{Ination) scmpiES were collected, and to 
collect scmpiESassoon as PQffiible after the minimum required 
6-h st<{lnation period. RegardlESS of the scmpling protocol, 
rESident-collected S311lpiES necessitate the t..re of simple 
instructions and make it diffcult to ensure strict adherence to 
any S311lpling protocol. In addition, the diversa premisa 
plumbing materials and configurations (81 Table 81) represent 
varying eft:cts of flow ratES, hydraulic flow charocteristi<S, and 
PQffiible IEEd sorption/particle rela:m ett:cts on the shapES of 
the IEEd ,grofiiES, particularly with corroded galvaniZEd pipe 
locations. ·5 

1111111111111111 

Sampling Objectives and Protocol. 8ince the promul
gation of the LCR, new rES:Erch on IEEd corrosion has shown 
that there are many rn:dlanisrrs and water quality foctors 
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involved.1
•
4

•
6

-
11 Specifically, theS311lpling protocolsUS8d in this 

study were evaluated to determine if 

preflushing biESES rESUlts; 
first-draw scmpiES, with or without preflushing, capture 
the "worst-ca:e" level of IEEd corrosion under normal t..re 

conditions; and 
s:asonal variability att:cts IEEd concentrations (in this 
water system). 

Consistent with the LCR requirements and CDWM 
compliance scmpling, scmpiES for this study were collected 
by voluntrer rESidents from 32 single-fa'nily rESidenCES, built 
between 1890 and 1960, with LSLs. An additional 5 horn:s 
were S311lpled and determined not to have LSLs, and were 
therefore excluded from further S311lpling. All rESUlts are 
included in the Supporting Information, but the non-LSL sitES 
were not US8d in the data analysis (81 TabiESS4a, 85, S6a, S3b, 
and ST). 

Information was requESted on the specific plumbing 
configurations of a:£h scmpling site to a much grEEter extent 
than the regulatory requirements which simply require the 
plumbing material to be identified. This information, along with 
analyse; conducted for IEEd, copper, iron, and zinc for a:£h 
scmple, focilitated a better understanding of the ob93rved water 
IEEd levels. RESidents were asked to (1) complete a plumbing 
profile identifying the kitchen tap and meter or internal shut-off 
valve, and (2) dEScribe the internal plumbing, including any 
recent plumbing work (81 Figure 81 ). The information 
provided by rESidents along with the rESUlts of the four metals 
provided additional information on the saquencES of plumbing 
materials, and the presance of in-line brass plumbing 
components. CDWM provided the locations of water mains, 
sarvice line materials, work conducted by the city at a:£h 
rESidence (meter installation or repair, shut-off valve repair/ 
replocement, sarvice line 1631< repair, street excavation), and 
monthly water t..re data for rESidenCES with water meters. The 
information provided by CDWM on water main locations was 
used to rn:asure the distance from the water main to a:£h 
rESidence, and internal plumbing information provided by 
rESidents was used along with the rn=:asured length from the 
water main to the rESidence to approximate the L8L length (81 
Table 81). 

RESidents were provided with written S311lpling and reporting 
instructions for a:£h S311lpling event (81 FigurES S41-S45). 
One-liter, high-density pol)€thylene (HOPE), wide-mouth (5.5 
em, 2.2 in.) scmple bottlES were US8d to collect all S311lpiES. 
RESidents were instructed not to remove oorators prior to 
scmpling and not to collect S311lpiES after point-of-t..re or point
of-entry trEEtment deviCES. 

Several prior studiES have suggESted that significant 
contributions of particulate-a;sociated IEEd can be mobiliZEd 
cs a function of flow rate and turbulence in certain water 
chemistriES, though studiES have not developed predictive 
relationship; to premisa plumbing material, s::ale composition, 
and hydraulic flow charocteristi<S.6·

10 
-

15 To try to achieve the 
most C{!QrESSive high flow conditions under rEEiistic field 
conditions, rESidents were instructed to collect all scmpiES by 
slowly opening the cold water kitchen tap until fully open. 
Upon receipt, the S311lpiES were inspected by EPA for visible 
particulate matter prior to delivery to the laboratory. 

For all first-draw S311lpiES, rESidents were instructed not to 
t..re any water throughout the household (i.e., no showering, 
washing clothES/dishES, flushing toilets, etc.) during the 
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First Draw and 45-Second Flushed Samples 
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Figure 1. First round IEa:l rESUlts for all sites. 
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minimum mandatory 6-h stq]nation period. In this study, PF 
s:rnples include a flush of at lEaSt 5 min prior to the mandatory 
minimum 6-h stq]nation period. A NHU s:rnple had no 
preflushing prior to the mandatory minimumstq]nation period. 
Residents were instructed to allow the water to sit motionlESS 
in the hm.rehold plumbing a minimum of 6 h, but not more 
than 24 h, and to record the dates/times the taps were flushed 
prior to the stq]nation period, and the dates/times S3111ples 
were collected following the stq]nation period. First-draw 
s:rnples using both variants (NHU and PF) were collected in 
the first and third rounds of monitoring in March/April and 
Septernber/Octooor, respectively. Additionally, 45-s flushed 
s:rnples were collected in the first round to e.raluate whether a 
s:rond-draw s:rnple more a::curately captured the le.tel of 
corrosion. Three-min, 5-min, and 7-min flushed s:rnples were 
collected in the third round of S3111pling to provide guidanre to 
voluntoors when high lEal le.tels were found (SI Table ST). 
This information can also oo used to provide site-specific 
guidanre on minimum flushing times nea:ssary to redure 
consumer exposure to lEal in drinking water. 

In the first round of s:rnpl ing, a:rll resident collected a N H U 
first-draw S3111ple and then a s:rond-draw ( 45-s flushed) s:rnple 
after allowing the water to run for 45 s. On the s:rond day, 
residents collected a PF first-draw s:rnple and then a s:rond 
45-s flushed sam~le. EPA's current Public Notification 
Handbook advis:s1 residents to run the water 30 s or until 
it turns cold before consuming, if the water has not boon used 
for an unspecified "extended period of time", which can result 
in higher lEal levels at the tap for consumers. It has also boon 
pre.tiously demonstrated that in some situations, this advire can 
caLm residents to consume the worst-cere water sitting 
stq]nant in the LSL.17 (Figure 1) 

Sites 14, 15, 16, and 37 were verified as not having LSLs and 
were excluded from further S3111pling. Site 2 was verified as not 
having a LSL following the June SEquential S3111pling and was 
excluded from the final round of monitoring. The 45-s flushed 
s:rnpling was dis::ontinued following the March/ April S3111pling 
first round due to the prES311re of reverely corroded galvani2ed 
pipe in some of the residenres (SI Figure S4) which reduced 
the inner pipe diareter, restricting water flow and resulting in 
varying volumes of water flowing through the plumbing for the 
same flush time. 

In June 2011 , a:£h resident collected a total of twelve PF 
SEquential S3111ples in one day of s:rnpling. The first PF 
SEquential S3111ple was also the PF first-draw s:rnple for the data 
analysis. All S3111ples were analyzed for lEal, copper, zinc, and 
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iron. The co-occurrenre of the metals, along with plumbing 
details, was used in qualitative c:m:ss11ents to correlate lEal 
results with potential soura:s of lEal in the plumbing network 
(SI Figure 93).4•

10 

In September I Octooor 2011 , a:rll resident collected a N H U 
first-draw S3111ple, and a minimum of 11 PF SEquential 1-L 
s:rnples. Sites with high lEal levels in the pre.tious rounds 
collected an additional 3 or 4 PF SEquential s:rnples, and one 
site with a very long LSL (159ft, 48 m) collected an additional 
9 PF SEquential S3111ples. The additional PF se:quential S3111ples 
were collected to determine the point at which lEal levels 
consistently dropped oolow the AL. All S3111ples collected are 
included in the S3111pling summary with the numrers and types 
of s:rnples collected at a:£h site (SI Table 83). 

Most stq]nation times were relatively consistent ocrOffi most 
sites at ootwoon 6 and 8.5 h, and all but two sites had stC{!nation 
times ootwoon 6 and 9 h 10 min, which focilitated unadjusted 
comparisons (SI Table 93c). 

Additional flushed S3111ples were collected in September/ 
Octooor for high lEal sites in order to provide residents with 
guidanre on minimizing lEal le.tels in their drinking water. 
Recommended minimum flushing times were then estimated 
based on the lEal levels and LSL lengths. ThEse results are 
included in the&lpporting Information, but not dis:;ussed here. 

Sample Analyses. All S3111ples were visually inspected for 
particulate matter prior to delivery to the EPA Chicago 
Regional Laboratory. 83mples were pre:erved upon rEreipt by 
the laboratory using concentrated nitric ocid to pH <2 and held 
for a minimum of 24 h prior to analysis.18 The laboratory's 
Reporting Limits (RL) for lEal, copper, and zinc in drinking 
water s:rnples, using EPA Method 200.8, are 0.5, 1, and 10 IJg/ 
L, respectively. The laboratory's RL for iron in drinking water 
s:rnples, using EPA Method 200.7, is 80 IJg/L. Additional 
laboratory information is included in the Supporting 
Information. 

1111111111111111 

Both Variants of the First-Draw Protocol Significantly 
Underestimated Peak Lead Levels, and the NHU First
Draw Protocol Yielded Higher Results Overall than the 
PF First-Draw Protocol. The 90th percentile lEal values for 
all three rounds of first-draw S3111pling using both variants were 
slightly higher than Chicago's historical complianre results, but 
still fell well oolow the lEal AL (SI TableS4b). Only 2% of the 
total numrer of first-draw S3111ples (3 of 151) exreeded the AL 
de;pite the pre:enre of lEal le.tels well above the lEal oction 
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Comparison of System 90th Percentile Compliance Data with 
Sequential Sampling 90th Percentile and Maximum Values 

40 

::; 30 

j 
"0 20 
ro 
~ 

10 

0 

-June Max 
!IIIBSept/OctMax 

.. June 90th %ile 

1111BSept/Oct90th %ile 

Liter 1 Liter 2 Liter 3 Liter 4 Liter 5 Liter 6 Liter 7 liter 8 Liter 9 Liter 10 liter llliter 12 

Figure 2. Comparison of 90th r;ercentile LCR compliance data to 90th r;ercentile values from LSL s:mples (ocro:s sites by liter) and rrnximum 
values from LSLs. The green dashed line indicates the avercge 90th r;ercentile compliance monitoring value for Chiccgo between 1999 and 2010 of 6 
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Figure 3. LSL results were highly varicble within a:d1 LSL and from site to site. Error tars represent 1 standard deviation. 
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le.tel within the s:lrvire lines as indicated by the 45-s flushed 
rESUlts in the first round of monitoring and SEquential S31llpling 
rESUlts in the SErond and third rounds. 

In contrast, if the 90th perrentile value of a:dl of the 
suro:ssive se:quential liter S31llples from the LSL.s is computed 
ocross all scrnpling sites, the lead levels were up to four times 
higher than ChicqJo's average 90th perrentile value using FD 
scrnples. Some pESk values for a:dl SEquential liter calculated 
ocross all scrnpling sites were over twire the lead ALand up to 
six times higher than the regulatory complianre data (Figure 2). 
In sumrrnry, 69 of 336 (21%) of the individual SEquential 
scrnples collected in June and 75 of 319 (24%) of SEquential 
samples in September/October exreeded the lead AL, 
indicating that current scrnpling protocols will often consid
erably underestimate the pESk lead le.telsand overall mobilized 
rre;s of waterborne lead in a system with lead s:lrvire lines. 

The NHU results were nui'TBrically higher overall than the 
corresponding PF values for most sites, but the diterences were 
not statistically significant. The PF first-draw protocol produced 
lower individual results than NHU first-draw protocol in 23 of 
32 scrnple pairs in March/April, and 20 of 27 scrnple r:airs in 
Sapt/Oct (SI Table S4a). Although NHU first-draw S31llples 
were collected without directing the residents to flush the tap 
prior to the stagnation period, NHU can involve showering, 
washing dishes, or doing laundry a short tii'TB prior to the 
stagnation period, which could clear the lead from the pipes 
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similar to preflushing the tap. Thus a NHU scrnple can be 
etectively the S8I'TB as a PF scrnple and yield similar results. 
Sinre the se:quential S31llpling results from thes:l S8I'TB sites 
show that there is much higher lead pre;ent within the LSL at 
the S8I'TB tii'TB that the NHU and PF first-draw scrnples were 
collected, it stands to ra:son that if the NHU octivitieswere not 
undertaken, and a larger scrnple s:lt were Us:ld, the NHU 
scrnples would yield results that were statistically higher than 
the corresponding PF scrnples. The distanre from the kitchen 
tap to the bEginning of the LSL wa:; highly variable, ranging 
from approximately 3 to 87 feet (0.9 to 27 m), and the 
rn=:asured LSL lengths ranged from 43 to 159 feet ( 13 to 48 m). 
Conse:quently, for sites with shorter total plumbing lengths, the 
initial and final SEquential S31llples would include relatively 
uncontaninated water from the water main following the 5-min 
tap preflushing. Thes:l S31llples would contain little to no LSL 
lead contribution, consistent with plumbosolvency and radial 
diffusion/flow principles.5•

19
•
20 A targeted LSL S31llpling 

protocol isolating only LSL contoct water would likely yield a 
higher perrentage of rESUlts above the lead AL for systems with 
Pb( II) pipe s::ale chemistry, but the specific location of the peak 
lead levels will nocess3rily vary with premis:l plumbing 
configurations. 

Seasonal Variability. In a site-by-site comr:arison, lead 
concentrations were higher in Sapt/Oct than in Mar/Apr or 
June, with the starkest statistical diterenre between first-draw 
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ED_ 000838 _ 00000229-00004 



EPA FOIA Production 12/12/2016 
Flint Water Documents 

Disturbed and Undisturbed Average LSL Values 
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Figure 4. Avera:Ja lead le.tels at disturb:d and undisturb:d sits Error tars repre::ent 1 standard deviation. 
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NHU S31Tlplescollected in Mar/April and Sapt/Oct (p = 0.03 
for two-tailed paired Student's t-test). Overall, 68%and 69'/oof 
NHU and PF first-clratv scrnples, respectively, were higher in 
Sapt/Oct than in Mar/Apr, while 55% of paired saquential 
scrnples were higher in Sept/Oct than in • .lme. SEasonal 
variation in IEEd le.tels consists of multiple contributing foctors 
from the sourre water through the prernire plumbing which 
could not be precirely isolated in this study, but the results in 
this study are consistent with other findings on sa:sonal 
variability (SI Table S6d).21 Factors include (1) water 
temperature, (2) water chemistry variation, and (3) fluctuations 
in water~ for Sapt/Oct versus • .lme, which could incra:se 
or decra:se IEEd le.tels.22

•
23 

Lead Concentrations Vary Throughout Each Individ
ual LSL and among Different LSLs Across the System. 
There was a high degree of variability in saquential scrnple 
results at most sites, some of which could include a particulate
bound component cs reflected in spikes in some saquential 
scrnpling results (SI Figures S9-S40). For most sites, no 
individual scrnple result from within the LSL can chara:ieri:ze 
the IEEd conrentrations at the site. Within the complete 
scrnpling profile results, IEEd levels at most sites ranged from 
well below to well above the AL (Figure 3). Under the LCR, 
this would rn:m that a system would rn:et the action le.tel and 
have no additional regulatory rEquirements or would 6<cred the 
AL and be required to implement additional requirements, 
depending on which scrnple result is selected as the complianre 
scrnple. The variability within sites and betwEen sites is similar 
in trend to that found in several other studies reporting 
saquential S31Tlpling conducted in water systems with difffent 
corrosion control strategies and chemistries from 
CDWM.1,4,10,12,14,15,24 -21 

Additional complianre data from a recond large utility (City 
B) which 6<creded the IEEd AL and conducted scrnpling usi~ 
the temperature change LSL scrnpling protocol in the LCR, 
yielded similar variability acra;s the system (SI Figure S8 and 
Table S9). A total of 1975 LSL sites were S31Tlpled, with 1762 
results (89'/o) below the IEEd AL; 128 results (6.5%) from 16 to 
30 IJg/L; 57 results (2.8%) from 31 to 50 IJg/L; and 28 results 
(1.4%) betwren 51 and 580 IJg/L This LSL S31Tlpling protocol 
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is similarly vulnerable to low bicses, although many results were 
considerably higher than the AL (SI Figure 88). 

Factors Affecting Lead Levels. The majority of high IEEd 
results occurred at sites with a documented physical 
disturbanre of the LSL betwren 2005 and 2011 (Figure 4). 
The octual ooent to which the LSL was physically disturbed is 
unknown for all sites, and the records of disturbances are l:esEd 
on information provided by CDWM and by the S31Tlpling 
voluntoors (SI FiguresS9-S40). 

For the purpore of this study a physical LSL disturbanre is 
defined cs a meter installation or replocement, autorneter
reader (AMR) installation, rervire line look repair, ooernal 
rervire shut-off valve repair or replocement, or significant street 
6<cavation directly in front of the horne that could disturb the 
LSL An "undisturbed" site is an unrnetered site where neither 
the CDWM nor resident have a record or recollection of any 
disturbanre, cs defined above. A third category, "indetermi
nate'', is ured for throo sites where CDWM has no record of any 
LSL disturbanre, and the resident did not provide a response cs 
to whether there has boon any LSL disturbanre. Cra;s.checking 
was important becaure information provided by volunteers in 
some ccses contradicted CDWM records, and upon further 
investigation, the records were found to be incomplete and 
were corrected, which resulted in reclcssification of the site. 

Of the 13 disturbed sites, 11 sites had 3 or more saquential 
scrnpling results above the IEEd AL, two sites had 2 results ESCh 
above the AL, and one site had no results above the AL Of the 
16 sites with no known disturbanre, only three sites had any 
results above the IEEd AL In the remaining 3 "indeterminate'' 
sites, 30 of 81 S31Tlple results (37%) were above EPA's IEEd AL 
(Table 2). 

A rerent AWNA publication on the state of water 
infrastructure highlights the nood for major infrcstructure 
work.28 This nro:ss3ry infrastructure work will potentially 
incra:se the incidenre of darraJe to the protectives::ales within 
LSLs cs this work is performed. lne.titably, thEre physical LSL 
disturbances will continue to occur with incra:sed frEquency cs 
part of daily routine water system maintenanre and nonwater 
related community infrastructure work. 

dx.doi.org/10.1021/es40036361 Environ. &:i. TechnoL 2013, 47, 9300-9307 
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Table 2. Lead Results for Disturbed, Undisturbed, and 
Indeterminate Sitesa 

disturbed sites undisturbed sites indeterminate sites 

no. no. no. 
no. no. above no. no. above no. no. above 

sites samples AL sites samples AL sites samples AL 
13 327 117 16 372 6 3 81 30 
% samples over AL: % samples over AL: 2'/o % samples over AL: 

36% 37% 

a Most la3d results c:OOve the AL were found at sites with LSL 
disturtances. Additioral results c:OOve the AL were also found at sites 
where the status of the LSL (disturbed or undisturbed) could not re 
confirmed. Sites without LSL disturtances ha:l few if any results above 
the AL. 

Possible Implications of Water Conservation and Use. 
Information provided by CDWM and voluntrers anecdotally 
St..q:JESts that low water ~ may alro play a role in high lEa:! 
le.tels at rome sites. Of the four locations with the highest 
averqJeiEa:llevels, three (Sites 1, 29, and 10) had documented 
low water l..l!:aJ8. Site 1 had averqJe monthly water ~ of 
3444 gallons (13037 L) which does not appe3r to be low 
~- Howe.ter, information provided by the resident indicates 
that the majority of the monthly water~ occurs during a 
relatively small number of days during the month when there is 
a high volume of water l..l!:aJ8. Site 29 had averqJe monthly 
~ of 1826 gallons (6912 L), and Site 10 had an averqJe 
~ of 1438 gallons/month (5443 Llmonth). For compar
iron, the mean single-family household water usage is 
approximately 8582 gallons/month (32486 L/month), with a 
sizable standard deviation.29 

In two locations (Sites 17 and 5), lEa:! le.tels c:lEcrecsecl with 
an incra:m in water ~- fls water ~ approximately 
doubled at Sites 17 and 5, maximum lEa:! levels from 33Cjuential 
s:rnpling c:lEcrecsecl from 25 to 5.51Jg/L and from 17 to 121Jg/ 
L, respectively. Although this represents a small set ofs:rnples, 
thEre observations support the idEE that higher lEa:! le.tels can 
be a:;sociated with low water ~.30 

Extrapolating from prior rESEErch suggests the flEre)Sity of 
consistent flow to deliver corrosion inhibitor efi::ctively into 
pa:sivating filrns,31 and correlates incra:md inhibitor dosages 
with reduced lEa:! reiEaSe.10

·
32

-
35 Low water l..l!:aJ8 may inhibit 

hEEling of the da"rlq:Jed s:::ales, and influence the rate of galvanic 
corrosion. Water ~ efi::cts cannot be separated from other 
s.:a:onal eficts in this study, but prior literature and the 
combined 33Cjuential graphs showing entire profiles shifted up 
or down from the • .lme to Sapt/Oct s:rnpling suggest further 
investigation is warranted (SI Figures S9 -540). fls conserva
tion efforts incrEaSe, it will become incrEESingly important to 
conduct further rESEErch on the relationship between water 
~ and incra:ses in lEa:! le.tels. 

The results in this study alro indicate that more appropriate 
flushing guidance must be developed, l::a:ed on neighborhood 
and premise plumbing characteristics, and whether a horne ha5 
a LSL or not. Much of the current published and web-l::a:ed 
flushing guidance inadvertently incrEESes the risk of exposure to 
elevated lEa:! levels by ciEEring an insufficient anount of water 
volume.17 Even fully flushing LSLs may only lower lEa:! levels 
to a limiting, mEESUrable lEa:! le.tel, that relates to the 
plurnbo9Jivency of the water, the flow rate, the length and 
internal diameter of the pipe,5 -

7
•
10

•
19.2° and possibly efi::cts of 

prior disturbances (SI Table ST). 
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Risk Identification and Management. RErently, CDC 
issued a hEEith alert cmx;iating hi~her eltvated blood lEa:! 
le.tels with partial LSL replcrnrrent,3 and alro concluded that 
LSLs were an independent risk foctor for elevated blood lEa:! 
le.tels e.ten when IEB:lle.tels in drinking water met the LCR lEa:! 
AL of 0.015 rng/L.37 fls highlighted in this study, LSLs can 
contribute high lEa:! when they are disturbed in many diferent 
ways, not just due to partial LSL replcrnrrent, and water t..1!:aJ8 
may also play a role in the resultant high lEa:! le.tels and 
potential incra:md human exposure. In an August 2012 update 
on lEa:! in drinking water and blood IEB:lle.tels, the CDC notes 
that "Tre rm:nt 1BD Ill B rdaticrs fran tre CDC AdvisJry 
Cmmittre m Childhood LEa:! FbisJning Pramtion to rEdUB or 
eliminate lEad SJUm:s br dlildrm l:efore trey are e<rx;a:d 
ul"ldars:Dre tre rm::l to rEdUB lEad an:mtraticrs in drinking 
water as rn.dl as r:asible'' .38 

fls the ultimate human and environmental hEEith goal, LSLs 
should be completely removed where possible. The stability of 
the protective &:ales within LSLs depends on many foctors 
which can change over time. For exanple, changes to water 
quality or trEEtment have resulted in hi~h lEa:! le.tels over a 
sustained period of time (yEErs).10

·
39 

-
4 Under the current 

regulatory frcm:mork, eltvated lEa:! le.tels from disturbances, 
water quality, trEEtment, or water t..1!:aJ8 changes can potentially 
go undetected for up to 3 yEErs between LCR compliance 
monitoring periods, which can result in incra:md public 
exposure over a significant period of time. 

Proper selection of s:rnpling sites, S311lpling protocol, and 
other site conditions is critical for evaluating the amount of lEa:! 
corrosion and relEaSe that is occurring in the distribution 
system. Suca:ssful optimization of the plurnbo9Jivency trEEt
rnent depends on an accurate understanding of the corrosion 
mechanisms, pipe s:::ale mineralogy and structure, and the 
COn33CJuences of LSL disturbances and water conservation 
efforts. No published studies could be found that systematically 
investigated the tirne and inhibitor doses/water quality 
adjustments na::eE3ry to overcorne the disturbances and 
damage to the lEa:! pipe &:ales that will be routinely occurring 
throughout cities across the U.S., as long as full or partial lEa:! 
service I i nes remain in service. 

Analyse; of the Chicago LSL s:::ales by EPA (to be reported 
els=mhere) revEEI that the surfoce coatings on both lEa:! service 
line and galvanized interior pipes from CDWM are primarily 
composad of amorphous aluminum, calcium, and phosphon.& 
rich deposits, and not crystalline lead(ll) (or zinc)
orthophosphate phaxs that are predicted by conventional 
divalent lEa:! plurnbo9Jivency theory for orthophosphate 
dosing.10

•
33.42 An understanding of the &:ales is ESSential to 

study and implement proooclures and strategies for efictive and 
tirnely repair of the protective s:::ales damaged by LSL 
disturbances, and to minimize the public's exposure to high 
lead levels that can result from damaging the scales. 
Experimental evaluations are critical when s:::ale compositions 
fall outside the s:;ope of well-understood predictive corrosion 
control practices. 

1111111111111111 r,~,,,,A.AJi 
* Supporting Information 

Additional background information, tabular summaries of 
s:rnpling results, and graphics. This material is available free 
of charge via the Internet at http:/ /pubs.acs.org. 
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Background. Most IEEd in drinking water comes from 
premisa plumbing materials and IEEd sarvire lines (LSLs). LSLs 
are generally the largest sourre of lEa:! in drinking water when 
they are prES:lnt in public water systems.1 The 1986 83fe 
Drinking water Act Amendments banned new lEa:! pipes in the 
potable water network, but a legocy of millions of partial or 
whole LSLs remains in many public water systems.2 Where the 
term "lEa:! corrosion" is U93d, it refers to the corrosion of lEa:! 
plumbing materials that result in the transfer of dissolved or 
particulate lEa:! into the drinking water. 

The LEa:! and Copper Rule (LCR) sanpling is intended to 
rra:EUre the lEa:! le.tels in drinking water to cm:ss the 
efi:cti\1811Effi of corrosion control trEEtment utilized by public 
water systems (P/11'2£,) to minimize lEa:! in drinking water. 
P/11'2£, are required to usa sanpling sites that are presumed to 
be the highest-risk sites for IEEd rela:se, and to optimize 
corrosion control to minimize lEa:! levels at consumers' taps. 
Most published sanpling studies typically focus on systems 
having high IEEd levels or systems that have experienced 
challenges in attempting to balanre LCR complianre with 
various other trEEtrnent or water quality objECtives. Exoept for 
LCR compl ianre data, I itt le published data exists or is available 
for systems that are considered to be operating with optimal 
corrosion control and meeting the lEa:! action level (AL) in the 
LCR This study focuses on a system that is considered to have 
optimized corrosion control using a blended phosphate, with a 
relatively stable water quality, and complianre results 
historically well below the lood AL. This situation is 
reprES:lntative of a large percentage of systems sarving 
100,000 or more people that utilize orthophosphate or blended 
phosphates for corrosion control and the vast majority of 
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systems are meeting the lEa:! AL t:a::ecl on the current S31llpling 
protocol in the LCR. Additional information on the LCR and 
study is available in the Supporting Information (SI ). This 
study fOCU93d on whether (1) the current LCR complianre 
sanpling protocol adequately captures the pEEk lEa:! levels in a 
water system; (2) "preflushing" (PF) results in capturing lower 
lEa:! le.tels in sanples compared to S31llples collECted under 
normal household ~ (NHU) conditions; (3) a first-draw 
sanpling protocol appropriately determines the adequacy of 
optimal lEa:! corrosion control in water systems with LSLs; and 
(4) there is93ESOnal variability in thesanpling results using the 
difurent sanpling protocols. 

System Information. The Chicqp Department of water 
Management (CDWM) operates two similar conventional 
surfcm water filtration trEEtment plants sarving approximately 
5.4 million residents, including th093 in 125 suburbs. Lake 
Michigan is the sole water sourre, with relatively stable water 
quality looving the trEEtment plants and in the distribution 
system (Table 1). Before the LCR, CDWM utilized pH/ 
alkalinity adjustment for corrosion control. CDWM switched to 
a proprietary blended phosphate at both plants between 1993 
and 1994 which is still U93d as the primary corrosion control 
trEEtment. 

The LCR requires public water systems to collECt lEa:! 
sanples using a first-draw (FD) S31llpling protocol, andS31llples 
were collECted almost exclusively from single-fanily homes with 
LSLs as required by the LCR sanple site saiECtion require-

J3nL.Bry 23, 2013 
Revi~: June 24, 2013 
Accepted: July 23, 2013 
Published: July 23, 2013 

dx.doi.org/10.1021/es40036361 Environ. &:i. Technol. 2013, 47, 9300-9307 

ED_000838_00000232-00001 



EPA FOIA Production 12/12/2016 
Flint Water Documents 

Table 1. Water Quality Data 2011 

outlets distribution 

parameter min max min max 

temp (°C) 4 24 5 23 
turbidity (NTU) 0.1 0.2 0.1 0.4 
pH 7.5 7.8 7.7 7.8 
Cl2 residual (mg/L) 1.0 1.2 0.7 0.9 
total alkalinity (mg/L as CaC03) 103 108 98 108 
chloride (CI, mg/L) 16 20 17 20 
sulfate (mg/L) 29 31 29 30 

Ca (mg/L) 34 39 34 39 

P04 (mg/L) 0.4 0.6 0.5 0.5 
total P04 (mg/L) 0.8 1.1 0.8 1.2 

AI (119/L) 34 126 29 113 

Fe (119/L) <5 <5 <5 34 

Mn (119/L) <3 <3 <3 <3 

ments.3 8ince the initial LCR monitoring, Chicago has 
exoea::led the IEEd AL only once, during .lily- Doo3mber 
1992, with an averqJe OOth percentile compliance monitoring 
value between 1999 and 2010 of 6 iJQ/L (81 Table 82).3 

The LCR requirES 1-L, FD tap S311lpiES of water that has 
stood motionlESS in the plumbing system (i.e., has st<{lnated 
within the plumbing) for at least 6 h. The two variants of the 
FD scmpling protocol currently used by public water system; 
are defined herein as the NHU first-draw scmple, where water 
is used in a normal household manner, and then allowed to sit 
motionlESS in the plumbing for at least 6 h before the scmple is 
collected; and the PF first-draw S311lple, where the water is run 
from the S311lpling tap for a specified crnount of time 
immediately prior to the st<{lnation period. Howe.ter, the 
LCR dOES not provide specific details on water t..re during the 
st<{lnation period. 

Almost all p.,r.,f'2£, in the U.S. rely on rESidents to collect 
compliance scmpiES under the LCR and there are difurenCES 
ocrOffi the U.S. in how system; instruct rESidents not to t..re the 
water during the st<{lnation period prior to collecting the 
scmple. A re.tiew of example sats of scmpling instructions 
provided to rESidents by large p.,r.,f'2£, in the U.S. found that 
some are instructed not to t..re any water fran the tap to te 
scmpiEd during thest<{lnation period. Others are instructed not 
to t..re any waler in the ha..f£:tnld. Prior to 2009, CDWM used 
the PF first-draw scmpling protocol, with a 5-min preflush 
preceding st<{lnation. Recent instructions to rESidents included 
not using water from the scmpling tap or from any 1163rby tap 
until the (poststC{Ination) scmpiES were collected, and to 
collect scmpiESassoon as PQffiible after the minimum required 
6-h st<{lnation period. RegardlESS of the scmpling protocol, 
rESident-collected S311lpiES necessitate the t..re of simple 
instructions and make it diffcult to ensure strict adherence to 
any S311lpling protocol. In addition, the diversa premisa 
plumbing materials and configurations (81 Table 81) represent 
varying eft:cts of flow ratES, hydraulic flow charocteristi<S, and 
PQffiible IEEd sorption/particle rela:m ett:cts on the shapES of 
the IEEd ,grofiiES, particularly with corroded galvaniZEd pipe 
locations. ·5 

1111111111111111 

Sampling Objectives and Protocol. 8ince the promul
gation of the LCR, new rES:Erch on IEEd corrosion has shown 
that there are many rn:dlanisrrs and water quality foctors 
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involved.1
•
4

•
6

-
11 Specifically, theS311lpling protocolsUS8d in this 

study were evaluated to determine if 

preflushing biESES rESUlts; 
first-draw scmpiES, with or without preflushing, capture 
the "worst-ca:e" level of IEEd corrosion under normal t..re 

conditions; and 
s:asonal variability att:cts IEEd concentrations (in this 
water system). 

Consistent with the LCR requirements and CDWM 
compliance scmpling, scmpiES for this study were collected 
by voluntrer rESidents from 32 single-fa'nily rESidenCES, built 
between 1890 and 1960, with LSLs. An additional 5 horn:s 
were S311lpled and determined not to have LSLs, and were 
therefore excluded from further S311lpling. All rESUlts are 
included in the Supporting Information, but the non-LSL sitES 
were not US8d in the data analysis (81 TabiESS4a, 85, S6a, S3b, 
and ST). 

Information was requESted on the specific plumbing 
configurations of a:£h scmpling site to a much grEEter extent 
than the regulatory requirements which simply require the 
plumbing material to be identified. This information, along with 
analyse; conducted for IEEd, copper, iron, and zinc for a:£h 
scmple, focilitated a better understanding of the ob93rved water 
IEEd levels. RESidents were asked to (1) complete a plumbing 
profile identifying the kitchen tap and meter or internal shut-off 
valve, and (2) dEScribe the internal plumbing, including any 
recent plumbing work (81 Figure 81 ). The information 
provided by rESidents along with the rESUlts of the four metals 
provided additional information on the saquencES of plumbing 
materials, and the presance of in-line brass plumbing 
components. CDWM provided the locations of water mains, 
sarvice line materials, work conducted by the city at a:£h 
rESidence (meter installation or repair, shut-off valve repair/ 
replocement, sarvice line 1631< repair, street excavation), and 
monthly water t..re data for rESidenCES with water meters. The 
information provided by CDWM on water main locations was 
used to rn:asure the distance from the water main to a:£h 
rESidence, and internal plumbing information provided by 
rESidents was used along with the rn=:asured length from the 
water main to the rESidence to approximate the L8L length (81 
Table 81). 

RESidents were provided with written S311lpling and reporting 
instructions for a:£h S311lpling event (81 FigurES S41-S45). 
One-liter, high-density pol)€thylene (HOPE), wide-mouth (5.5 
em, 2.2 in.) scmple bottlES were US8d to collect all S311lpiES. 
RESidents were instructed not to remove oorators prior to 
scmpling and not to collect S311lpiES after point-of-t..re or point
of-entry trEEtment deviCES. 

Several prior studiES have suggESted that significant 
contributions of particulate-a;sociated IEEd can be mobiliZEd 
cs a function of flow rate and turbulence in certain water 
chemistriES, though studiES have not developed predictive 
relationship; to premisa plumbing material, s::ale composition, 
and hydraulic flow charocteristi<S.6·

10 
-

15 To try to achieve the 
most C{!QrESSive high flow conditions under rEEiistic field 
conditions, rESidents were instructed to collect all scmpiES by 
slowly opening the cold water kitchen tap until fully open. 
Upon receipt, the S311lpiES were inspected by EPA for visible 
particulate matter prior to delivery to the laboratory. 

For all first-draw S311lpiES, rESidents were instructed not to 
t..re any water throughout the household (i.e., no showering, 
washing clothES/dishES, flushing toilets, etc.) during the 
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First Draw and 45-Second Flushed Samples 
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Figure 1. First round IEa:l rESUlts for all sites. 

---------------- ----·· -----· --· ----

minimum mandatory 6-h stq]nation period. In this study, PF 
s:rnples include a flush of at lEaSt 5 min prior to the mandatory 
minimum 6-h stq]nation period. A NHU s:rnple had no 
preflushing prior to the mandatory minimumstq]nation period. 
Residents were instructed to allow the water to sit motionlESS 
in the hm.rehold plumbing a minimum of 6 h, but not more 
than 24 h, and to record the dates/times the taps were flushed 
prior to the stq]nation period, and the dates/times S3111ples 
were collected following the stq]nation period. First-draw 
s:rnples using both variants (NHU and PF) were collected in 
the first and third rounds of monitoring in March/April and 
Septernber/Octooor, respectively. Additionally, 45-s flushed 
s:rnples were collected in the first round to e.raluate whether a 
s:rond-draw s:rnple more a::curately captured the le.tel of 
corrosion. Three-min, 5-min, and 7-min flushed s:rnples were 
collected in the third round of S3111pling to provide guidanre to 
voluntoors when high lEal le.tels were found (SI Table ST). 
This information can also oo used to provide site-specific 
guidanre on minimum flushing times nea:ssary to redure 
consumer exposure to lEal in drinking water. 

In the first round of s:rnpl ing, a:rll resident collected a N H U 
first-draw S3111ple and then a s:rond-draw ( 45-s flushed) s:rnple 
after allowing the water to run for 45 s. On the s:rond day, 
residents collected a PF first-draw s:rnple and then a s:rond 
45-s flushed sam~le. EPA's current Public Notification 
Handbook advis:s1 residents to run the water 30 s or until 
it turns cold before consuming, if the water has not boon used 
for an unspecified "extended period of time", which can result 
in higher lEal levels at the tap for consumers. It has also boon 
pre.tiously demonstrated that in some situations, this advire can 
caLm residents to consume the worst-cere water sitting 
stq]nant in the LSL.17 (Figure 1) 

Sites 14, 15, 16, and 37 were verified as not having LSLs and 
were excluded from further S3111pling. Site 2 was verified as not 
having a LSL following the June SEquential S3111pling and was 
excluded from the final round of monitoring. The 45-s flushed 
s:rnpling was dis::ontinued following the March/ April S3111pling 
first round due to the prES311re of reverely corroded galvani2ed 
pipe in some of the residenres (SI Figure S4) which reduced 
the inner pipe diareter, restricting water flow and resulting in 
varying volumes of water flowing through the plumbing for the 
same flush time. 

In June 2011 , a:£h resident collected a total of twelve PF 
SEquential S3111ples in one day of s:rnpling. The first PF 
SEquential S3111ple was also the PF first-draw s:rnple for the data 
analysis. All S3111ples were analyzed for lEal, copper, zinc, and 
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iron. The co-occurrenre of the metals, along with plumbing 
details, was used in qualitative c:m:ss11ents to correlate lEal 
results with potential soura:s of lEal in the plumbing network 
(SI Figure 93).4•

10 

In September I Octooor 2011 , a:rll resident collected a N H U 
first-draw S3111ple, and a minimum of 11 PF SEquential 1-L 
s:rnples. Sites with high lEal levels in the pre.tious rounds 
collected an additional 3 or 4 PF SEquential s:rnples, and one 
site with a very long LSL (159ft, 48 m) collected an additional 
9 PF SEquential S3111ples. The additional PF se:quential S3111ples 
were collected to determine the point at which lEal levels 
consistently dropped oolow the AL. All S3111ples collected are 
included in the S3111pling summary with the numrers and types 
of s:rnples collected at a:£h site (SI Table 83). 

Most stq]nation times were relatively consistent ocrOffi most 
sites at ootwoon 6 and 8.5 h, and all but two sites had stC{!nation 
times ootwoon 6 and 9 h 10 min, which focilitated unadjusted 
comparisons (SI Table 93c). 

Additional flushed S3111ples were collected in September/ 
Octooor for high lEal sites in order to provide residents with 
guidanre on minimizing lEal le.tels in their drinking water. 
Recommended minimum flushing times were then estimated 
based on the lEal levels and LSL lengths. ThEse results are 
included in the&lpporting Information, but not dis:;ussed here. 

Sample Analyses. All S3111ples were visually inspected for 
particulate matter prior to delivery to the EPA Chicago 
Regional Laboratory. 83mples were pre:erved upon rEreipt by 
the laboratory using concentrated nitric ocid to pH <2 and held 
for a minimum of 24 h prior to analysis.18 The laboratory's 
Reporting Limits (RL) for lEal, copper, and zinc in drinking 
water s:rnples, using EPA Method 200.8, are 0.5, 1, and 10 IJg/ 
L, respectively. The laboratory's RL for iron in drinking water 
s:rnples, using EPA Method 200.7, is 80 IJg/L. Additional 
laboratory information is included in the Supporting 
Information. 

1111111111111111 

Both Variants of the First-Draw Protocol Significantly 
Underestimated Peak Lead Levels, and the NHU First
Draw Protocol Yielded Higher Results Overall than the 
PF First-Draw Protocol. The 90th percentile lEal values for 
all three rounds of first-draw S3111pling using both variants were 
slightly higher than Chicago's historical complianre results, but 
still fell well oolow the lEal AL (SI TableS4b). Only 2% of the 
total numrer of first-draw S3111ples (3 of 151) exreeded the AL 
de;pite the pre:enre of lEal le.tels well above the lEal oction 
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Comparison of System 90th Percentile Compliance Data with 
Sequential Sampling 90th Percentile and Maximum Values 
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Figure 2. Comparison of 90th r;ercentile LCR compliance data to 90th r;ercentile values from LSL s:mples (ocro:s sites by liter) and rrnximum 
values from LSLs. The green dashed line indicates the avercge 90th r;ercentile compliance monitoring value for Chiccgo between 1999 and 2010 of 6 
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LSL Values by Site 
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Figure 3. LSL results were highly varicble within a:d1 LSL and from site to site. Error tars represent 1 standard deviation. 
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le.tel within the s:lrvire lines as indicated by the 45-s flushed 
rESUlts in the first round of monitoring and SEquential S31llpling 
rESUlts in the SErond and third rounds. 

In contrast, if the 90th perrentile value of a:dl of the 
suro:ssive se:quential liter S31llples from the LSL.s is computed 
ocross all scrnpling sites, the lead levels were up to four times 
higher than ChicqJo's average 90th perrentile value using FD 
scrnples. Some pESk values for a:dl SEquential liter calculated 
ocross all scrnpling sites were over twire the lead ALand up to 
six times higher than the regulatory complianre data (Figure 2). 
In sumrrnry, 69 of 336 (21%) of the individual SEquential 
scrnples collected in June and 75 of 319 (24%) of SEquential 
samples in September/October exreeded the lead AL, 
indicating that current scrnpling protocols will often consid
erably underestimate the pESk lead le.telsand overall mobilized 
rre;s of waterborne lead in a system with lead s:lrvire lines. 

The NHU results were nui'TBrically higher overall than the 
corresponding PF values for most sites, but the diterences were 
not statistically significant. The PF first-draw protocol produced 
lower individual results than NHU first-draw protocol in 23 of 
32 scrnple pairs in March/April, and 20 of 27 scrnple r:airs in 
Sapt/Oct (SI Table S4a). Although NHU first-draw S31llples 
were collected without directing the residents to flush the tap 
prior to the stagnation period, NHU can involve showering, 
washing dishes, or doing laundry a short tii'TB prior to the 
stagnation period, which could clear the lead from the pipes 
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similar to preflushing the tap. Thus a NHU scrnple can be 
etectively the S8I'TB as a PF scrnple and yield similar results. 
Sinre the se:quential S31llpling results from thes:l S8I'TB sites 
show that there is much higher lead pre;ent within the LSL at 
the S8I'TB tii'TB that the NHU and PF first-draw scrnples were 
collected, it stands to ra:son that if the NHU octivitieswere not 
undertaken, and a larger scrnple s:lt were Us:ld, the NHU 
scrnples would yield results that were statistically higher than 
the corresponding PF scrnples. The distanre from the kitchen 
tap to the bEginning of the LSL wa:; highly variable, ranging 
from approximately 3 to 87 feet (0.9 to 27 m), and the 
rn=:asured LSL lengths ranged from 43 to 159 feet ( 13 to 48 m). 
Conse:quently, for sites with shorter total plumbing lengths, the 
initial and final SEquential S31llples would include relatively 
uncontaninated water from the water main following the 5-min 
tap preflushing. Thes:l S31llples would contain little to no LSL 
lead contribution, consistent with plumbosolvency and radial 
diffusion/flow principles.5•

19
•
20 A targeted LSL S31llpling 

protocol isolating only LSL contoct water would likely yield a 
higher perrentage of rESUlts above the lead AL for systems with 
Pb( II) pipe s::ale chemistry, but the specific location of the peak 
lead levels will nocess3rily vary with premis:l plumbing 
configurations. 

Seasonal Variability. In a site-by-site comr:arison, lead 
concentrations were higher in Sapt/Oct than in Mar/Apr or 
June, with the starkest statistical diterenre between first-draw 

dx.doi.org/10.1021/es40036361 Environ. &:i. TechnoL 2013, 47, 9300· 9307 
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Disturbed and Undisturbed Average LSL Values 
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Figure 4. Avera:Ja lead le.tels at disturb:d and undisturb:d sits Error tars repre::ent 1 standard deviation. 
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NHU S31Tlplescollected in Mar/April and Sapt/Oct (p = 0.03 
for two-tailed paired Student's t-test). Overall, 68%and 69'/oof 
NHU and PF first-clratv scrnples, respectively, were higher in 
Sapt/Oct than in Mar/Apr, while 55% of paired saquential 
scrnples were higher in Sept/Oct than in • .lme. SEasonal 
variation in IEEd le.tels consists of multiple contributing foctors 
from the sourre water through the prernire plumbing which 
could not be precirely isolated in this study, but the results in 
this study are consistent with other findings on sa:sonal 
variability (SI Table S6d).21 Factors include (1) water 
temperature, (2) water chemistry variation, and (3) fluctuations 
in water~ for Sapt/Oct versus • .lme, which could incra:se 
or decra:se IEEd le.tels.22

•
23 

Lead Concentrations Vary Throughout Each Individ
ual LSL and among Different LSLs Across the System. 
There was a high degree of variability in saquential scrnple 
results at most sites, some of which could include a particulate
bound component cs reflected in spikes in some saquential 
scrnpling results (SI Figures S9-S40). For most sites, no 
individual scrnple result from within the LSL can chara:ieri:ze 
the IEEd conrentrations at the site. Within the complete 
scrnpling profile results, IEEd levels at most sites ranged from 
well below to well above the AL (Figure 3). Under the LCR, 
this would rn:m that a system would rn:et the action le.tel and 
have no additional regulatory rEquirements or would 6<cred the 
AL and be required to implement additional requirements, 
depending on which scrnple result is selected as the complianre 
scrnple. The variability within sites and betwEen sites is similar 
in trend to that found in several other studies reporting 
saquential S31Tlpling conducted in water systems with difffent 
corrosion control strategies and chemistries from 
CDWM.1,4,10,12,14,15,24 -21 

Additional complianre data from a recond large utility (City 
B) which 6<creded the IEEd AL and conducted scrnpling usi~ 
the temperature change LSL scrnpling protocol in the LCR, 
yielded similar variability acra;s the system (SI Figure S8 and 
Table S9). A total of 1975 LSL sites were S31Tlpled, with 1762 
results (89'/o) below the IEEd AL; 128 results (6.5%) from 16 to 
30 IJg/L; 57 results (2.8%) from 31 to 50 IJg/L; and 28 results 
(1.4%) betwren 51 and 580 IJg/L This LSL S31Tlpling protocol 

Flint FOIA Production 12-120000044 

9304 

is similarly vulnerable to low bicses, although many results were 
considerably higher than the AL (SI Figure 88). 

Factors Affecting Lead Levels. The majority of high IEEd 
results occurred at sites with a documented physical 
disturbanre of the LSL betwren 2005 and 2011 (Figure 4). 
The octual ooent to which the LSL was physically disturbed is 
unknown for all sites, and the records of disturbances are l:esEd 
on information provided by CDWM and by the S31Tlpling 
voluntoors (SI FiguresS9-S40). 

For the purpore of this study a physical LSL disturbanre is 
defined cs a meter installation or replocement, autorneter
reader (AMR) installation, rervire line look repair, ooernal 
rervire shut-off valve repair or replocement, or significant street 
6<cavation directly in front of the horne that could disturb the 
LSL An "undisturbed" site is an unrnetered site where neither 
the CDWM nor resident have a record or recollection of any 
disturbanre, cs defined above. A third category, "indetermi
nate'', is ured for throo sites where CDWM has no record of any 
LSL disturbanre, and the resident did not provide a response cs 
to whether there has boon any LSL disturbanre. Cra;s.checking 
was important becaure information provided by volunteers in 
some ccses contradicted CDWM records, and upon further 
investigation, the records were found to be incomplete and 
were corrected, which resulted in reclcssification of the site. 

Of the 13 disturbed sites, 11 sites had 3 or more saquential 
scrnpling results above the IEEd AL, two sites had 2 results ESCh 
above the AL, and one site had no results above the AL Of the 
16 sites with no known disturbanre, only three sites had any 
results above the IEEd AL In the remaining 3 "indeterminate'' 
sites, 30 of 81 S31Tlple results (37%) were above EPA's IEEd AL 
(Table 2). 

A rerent AWNA publication on the state of water 
infrastructure highlights the nood for major infrcstructure 
work.28 This nro:ss3ry infrastructure work will potentially 
incra:se the incidenre of darraJe to the protectives::ales within 
LSLs cs this work is performed. lne.titably, thEre physical LSL 
disturbances will continue to occur with incra:sed frEquency cs 
part of daily routine water system maintenanre and nonwater 
related community infrastructure work. 

dx.doi.org/10.1021/es40036361 Environ. &:i. TechnoL 2013, 47, 9300-9307 
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Table 2. Lead Results for Disturbed, Undisturbed, and 
Indeterminate Sitesa 

disturbed sites undisturbed sites indeterminate sites 

no. no. no. 
no. no. above no. no. above no. no. above 

sites samples AL sites samples AL sites samples AL 
13 327 117 16 372 6 3 81 30 
% samples over AL: % samples over AL: 2'/o % samples over AL: 

36% 37% 

a Most la3d results c:OOve the AL were found at sites with LSL 
disturtances. Additioral results c:OOve the AL were also found at sites 
where the status of the LSL (disturbed or undisturbed) could not re 
confirmed. Sites without LSL disturtances ha:l few if any results above 
the AL. 

Possible Implications of Water Conservation and Use. 
Information provided by CDWM and voluntrers anecdotally 
St..q:JESts that low water ~ may alro play a role in high lEa:! 
le.tels at rome sites. Of the four locations with the highest 
averqJeiEa:llevels, three (Sites 1, 29, and 10) had documented 
low water l..l!:aJ8. Site 1 had averqJe monthly water ~ of 
3444 gallons (13037 L) which does not appe3r to be low 
~- Howe.ter, information provided by the resident indicates 
that the majority of the monthly water~ occurs during a 
relatively small number of days during the month when there is 
a high volume of water l..l!:aJ8. Site 29 had averqJe monthly 
~ of 1826 gallons (6912 L), and Site 10 had an averqJe 
~ of 1438 gallons/month (5443 Llmonth). For compar
iron, the mean single-family household water usage is 
approximately 8582 gallons/month (32486 L/month), with a 
sizable standard deviation.29 

In two locations (Sites 17 and 5), lEa:! le.tels c:lEcrecsecl with 
an incra:m in water ~- fls water ~ approximately 
doubled at Sites 17 and 5, maximum lEa:! levels from 33Cjuential 
s:rnpling c:lEcrecsecl from 25 to 5.51Jg/L and from 17 to 121Jg/ 
L, respectively. Although this represents a small set ofs:rnples, 
thEre observations support the idEE that higher lEa:! le.tels can 
be a:;sociated with low water ~.30 

Extrapolating from prior rESEErch suggests the flEre)Sity of 
consistent flow to deliver corrosion inhibitor efi::ctively into 
pa:sivating filrns,31 and correlates incra:md inhibitor dosages 
with reduced lEa:! reiEaSe.10

·
32

-
35 Low water l..l!:aJ8 may inhibit 

hEEling of the da"rlq:Jed s:::ales, and influence the rate of galvanic 
corrosion. Water ~ efi::cts cannot be separated from other 
s.:a:onal eficts in this study, but prior literature and the 
combined 33Cjuential graphs showing entire profiles shifted up 
or down from the • .lme to Sapt/Oct s:rnpling suggest further 
investigation is warranted (SI Figures S9 -540). fls conserva
tion efforts incrEaSe, it will become incrEESingly important to 
conduct further rESEErch on the relationship between water 
~ and incra:ses in lEa:! le.tels. 

The results in this study alro indicate that more appropriate 
flushing guidance must be developed, l::a:ed on neighborhood 
and premise plumbing characteristics, and whether a horne ha5 
a LSL or not. Much of the current published and web-l::a:ed 
flushing guidance inadvertently incrEESes the risk of exposure to 
elevated lEa:! levels by ciEEring an insufficient anount of water 
volume.17 Even fully flushing LSLs may only lower lEa:! levels 
to a limiting, mEESUrable lEa:! le.tel, that relates to the 
plurnbo9Jivency of the water, the flow rate, the length and 
internal diameter of the pipe,5 -

7
•
10

•
19.2° and possibly efi::cts of 

prior disturbances (SI Table ST). 
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Risk Identification and Management. RErently, CDC 
issued a hEEith alert cmx;iating hi~her eltvated blood lEa:! 
le.tels with partial LSL replcrnrrent,3 and alro concluded that 
LSLs were an independent risk foctor for elevated blood lEa:! 
le.tels e.ten when IEB:lle.tels in drinking water met the LCR lEa:! 
AL of 0.015 rng/L.37 fls highlighted in this study, LSLs can 
contribute high lEa:! when they are disturbed in many diferent 
ways, not just due to partial LSL replcrnrrent, and water t..1!:aJ8 
may also play a role in the resultant high lEa:! le.tels and 
potential incra:md human exposure. In an August 2012 update 
on lEa:! in drinking water and blood IEB:lle.tels, the CDC notes 
that "Tre rm:nt 1BD Ill B rdaticrs fran tre CDC AdvisJry 
Cmmittre m Childhood LEa:! FbisJning Pramtion to rEdUB or 
eliminate lEad SJUm:s br dlildrm l:efore trey are e<rx;a:d 
ul"ldars:Dre tre rm::l to rEdUB lEad an:mtraticrs in drinking 
water as rn.dl as r:asible'' .38 

fls the ultimate human and environmental hEEith goal, LSLs 
should be completely removed where possible. The stability of 
the protective &:ales within LSLs depends on many foctors 
which can change over time. For exanple, changes to water 
quality or trEEtment have resulted in hi~h lEa:! le.tels over a 
sustained period of time (yEErs).10

·
39 

-
4 Under the current 

regulatory frcm:mork, eltvated lEa:! le.tels from disturbances, 
water quality, trEEtment, or water t..1!:aJ8 changes can potentially 
go undetected for up to 3 yEErs between LCR compliance 
monitoring periods, which can result in incra:md public 
exposure over a significant period of time. 

Proper selection of s:rnpling sites, S311lpling protocol, and 
other site conditions is critical for evaluating the amount of lEa:! 
corrosion and relEaSe that is occurring in the distribution 
system. Suca:ssful optimization of the plurnbo9Jivency trEEt
rnent depends on an accurate understanding of the corrosion 
mechanisms, pipe s:::ale mineralogy and structure, and the 
COn33CJuences of LSL disturbances and water conservation 
efforts. No published studies could be found that systematically 
investigated the tirne and inhibitor doses/water quality 
adjustments na::eE3ry to overcorne the disturbances and 
damage to the lEa:! pipe &:ales that will be routinely occurring 
throughout cities across the U.S., as long as full or partial lEa:! 
service I i nes remain in service. 

Analyse; of the Chicago LSL s:::ales by EPA (to be reported 
els=mhere) revEEI that the surfoce coatings on both lEa:! service 
line and galvanized interior pipes from CDWM are primarily 
composad of amorphous aluminum, calcium, and phosphon.& 
rich deposits, and not crystalline lead(ll) (or zinc)
orthophosphate phaxs that are predicted by conventional 
divalent lEa:! plurnbo9Jivency theory for orthophosphate 
dosing.10

•
33.42 An understanding of the &:ales is ESSential to 

study and implement proooclures and strategies for efictive and 
tirnely repair of the protective s:::ales damaged by LSL 
disturbances, and to minimize the public's exposure to high 
lead levels that can result from damaging the scales. 
Experimental evaluations are critical when s:::ale compositions 
fall outside the s:;ope of well-understood predictive corrosion 
control practices. 

1111111111111111 r,~,,,,A.AJi 
* Supporting Information 

Additional background information, tabular summaries of 
s:rnpling results, and graphics. This material is available free 
of charge via the Internet at http:/ /pubs.acs.org. 
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Background. Most IEEd in drinking water comes from 
premisa plumbing materials and IEEd sarvire lines (LSLs). LSLs 
are generally the largest sourre of IEEd in drinking water when 
they are prES:lnt in public water systems.1 The 1986 Safe 
Drinking water Act Amendments banned OON lEal pipes in the 
potable water network, but a lega:;y of millions of partial or 
whole LSLs remains in many public water systems.2 Where the 
term "lEal corrosion" is U93d, it refers to the corrosion of lEal 
plumbing materials that result in the transfer of dissolved or 
particulate lEal into the drinking water. 

The LEal and Copper Rule (LCR) sanpling is intended to 
rra:EUre the lEal le.tels in drinking water to ffiSEffi the 
efi:cti\1811Effi of corrosion control trEEtment utilized by public 
water systems (PI/I./S:,) to minimize lEal in drinking water. 
PI/I.IS:, are required to usa sanpling sites that are presumed to 
be the highest-risk sites for lEal rela:se, and to optimize 
corrosion control to minimize lEal levels at consumers' taps. 
Most published sanpling studies typically focus on systems 
having high lEal levels or systems that have experienced 
challenges in attempting to balanre LCR complianre with 
various other trEEtrnent or water quality objECtives. Exoept for 
LCR compl ianre data, I itt le published data exists or is available 
for systems that are considered to be operating with optimal 
corrosion control and meeting the lEal action level (AL) in the 
LCR This study focuses on a system that is considered to have 
optimized corrosion control using a blended phosphate, with a 
relatively stable water quality, and complianre results 
historically well below the lood AL. This situation is 
represantative of a large percentage of systems sarving 
100,000 or more people that utilize orthophosphate or blended 
phosphates for corrosion control and the vast majority of 

This article not subject to U.S Copyright. 
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systems are meeting the lEal AL b:m:l on the current S31Tlpling 
protocol in the LCR. Additional information on the LCR and 
study is available in the Supporting Information (SI ). This 
study fOCU93d on whether (1) the current LCR complianre 
sanpling protocol adequately captures the pEEk lEal levels in a 
water system; (2) "preflushing" (PF) results in capturing lower 
lEal le.tels in sanples compared to S31Tlples collECted under 
normal household us:y:l (NHU) conditions; (3) a first-draw 
sanpling protocol appropriately determines the adequacy of 
optimal lEal corrosion control in water systems with LSLs; and 
(4) there is93ESOnal variability in thesanpling results using the 
difurent sanpling protocols. 

System Information. The Chicq:p Department of water 
Management (CDWM) operates two similar conventional 
surfcm water filtration trEEtment plants sarving approximately 
5.4 million residents, including th093 in 125 suburbs. Lake 
Michigan is the sole water sourre, with relatively stable water 
quality looving the treatment plants and in the distribution 
system (Table 1). Before the LCR, CDWM utilized pH/ 
alkalinity adjustment for corrosion control. CDWM SNitched to 
a proprietary blended phosphate at both plants betwEen 1993 
and 1994 which is still U93d as the primary corrosion control 
trEEtment. 

The LCR requires public water systems to collECt lEal 
sanples using a first-dra.tv (FD) S31Tlpling protocol, andS31llples 
were collECted almost exclusively from single-fanily homes with 
LSLs as required by the LCR sanple site saiECtion require-

J3nLBry 23, 2013 
June 24, 2013 
July 23, 2013 
July 23, 2013 
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Table 1. Water Quality Data 2011 

outlets distribution 

parameter min max min max 

temp (°C) 4 24 5 23 
turbidity (NTU) 0.1 0.2 0.1 0.4 
pH 7.5 7.8 7.7 7.8 
Cl2 residual (mg/L) 1.0 1.2 0.7 0.9 
total alkalinity (mg/L as CaC03) 103 108 98 108 
chloride (CI, mg/L) 16 20 17 20 
sulfate (mg/L) 29 31 29 30 

Ca (mg/L) 34 39 34 39 

P04 (mg/L) 0.4 0.6 0.5 0.5 
total P04 (mg/L) 0.8 1.1 0.8 1.2 

AI (119/L) 34 126 29 113 

Fe (119/L) <5 <5 <5 34 

Mn (119/L) <3 <3 <3 <3 

ments.3 8ince the initial LCR monitoring, Chicago has 
exoea::led the 163d AL only once, during .lily- Doo3mber 
1992, with an averqJe OOth percentile compliance monitoring 
value between 1999 and 2010 of 6 iJQ/L (81 Table 82).3 

The LCR requirES 1-L, FD tap S31llpiES of water that has 
stood motionlESS in the plumbing system (i.e., has st<{lnated 
within the plumbing) for at least 6 h. The two variants of the 
FD scmpling protocol currently used by public water system; 
are defined herein a:; the NHU first-draw scmple, where water 
is used in a normal household manner, and then allowed to sit 
motionlESS in the plumbing for at least 6 h before the scmple is 
collected; and the PF first-draw S31Tlple, where the water is run 
from the S31Tlpling tap for a specified crnount of time 
immediately prior to the st<{lnation period. Howe.ter, the 
LCR dOES not provide specific details on water t..re during the 
st<{lnation period. 

Almost all p.,r.,f'2£, in the U.S. rely on rESidents to collect 
compliance scmpiES under the LCR and there are difurenCES 
ocrOffi the U.S. in how system; instruct rESidents not to t..re the 
water during the st<{lnation period prior to collecting the 
scmple. A re.tiew of example sats of scmpling instructions 
provided to rESidents by large p.,r.,f'2£, in the U.S. found that 
some are instructed not to t..re any water fran the tap to te 
scmpiEd during the st<{lnation period. Others are instructed not 
to t..re any water in the lla..EEtold. Prior to 2009, CDWM used 
the PF first-draw scmpling protocol, with a 5-min preflush 
preceding st<{lnation. Recent instructions to rESidents included 
not using water from the scmpling tap or from any nEErby tap 
until the (poststC{Ination) scmpiES were collected, and to 
collect scmpiES a:; soon a:; PQffiible after the minimum required 
6-h st<{lnation period. RegardlESS of the scmpling protocol, 
rESident-collected S31TlpiES neoossitate the t..re of simple 
instructions and make it difficult to ensure strict adherence to 
any scmpling protocol. In addition, the diversa premise 
plumbing materials and configurations (81 Table 81) represent 
varying efi:cts of flow ratES, hydraulic flow charocteristics, and 
PQffiible 163d sorption/particle rela:m efi:cts on the shapES of 
the 163d ,grofiiES, particularly with corroded galvaniZEd pipe 
locations. ·5 

1111111111111111 

Sampling Objectives and Protocol. 8ince the promul
gation of the LCR, new rES:Erch on 163d corrosion has shown 
that there are many rn:dlanisrrs and water quality foctors 
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involved.1
•
4

•
6

-
11 Specifically, the S31Tlpling protocols U93d in this 

study were evaluated to determine if 

preflushing biESES rESUlts; 
first-draw S31TlpiES, with or without preflushing, capture 
the "worst-ca:e" level of 163d corrosion under normal t..re 

conditions; and 
s:asonal variability afi:ds 163d concentrations (in this 
water system). 

Consistent with the LCR requirements and CDWM 
compliance scmpling, scmpiES for this study were collected 
by voluntrer rESidents from 32 single-fcrnily rESidenCES, built 
between 1890 and 1960, with LSLs. An additional 5 horn:s 
were S31Tlpled and determined not to have LSLs, and were 
therefore excluded from further S31Tlpling. All rESUlts are 
included in the Supporting Information, but the non-LSL sitES 
were not used in the data analysis (81 TabiESS4a, 85, S6a, S3b, 
and ST). 

Information wa:; requESted on the specific plumbing 
configurations of a:£h scmpling site to a much grEEter extent 
than the regulatory requirements which simply require the 
plumbing material to be identified. This information, along with 
analyse; conducted for 163d, copper, iron, and zinc for a:£h 
scmple, focilitated a better understanding of the ob93rved water 
163d levels. RESidents were asked to (1) complete a plumbing 
profile identifying the kitchen tap and meter or internal shut-off 
valve, and (2) dEScribe the internal plumbing, including any 
recent plumbing work (81 Figure 81 ). The information 
provided by rESidents along with the rESUlts of the four metals 
provided additional information on the saquencES of plumbing 
materials, and the presance of in-line brass plumbing 
components. CDWM provided the locations of water mains, 
sarvice line materials, work conducted by the city at a:£h 
rESidence (meter installation or repair, shut-off valve repair/ 
replocement, sarvice line 1631< repair, street excavation), and 
monthly water t..re data for rESidenCES with water meters. The 
information provided by CDWM on water main locations wa:; 
used to rn:asure the distance from the water main to a:£h 
rESidence, and internal plumbing information provided by 
rESidents wa:; used along with the rn:asured length from the 
water main to the rESidence to approximate the L8L length (81 
Table 81). 

RESidents were provided with written S31Tlpling and reporting 
instructions for a:£h S31Tlpling event (81 FigurES S41-S45). 
One-liter, high-density polyethylene (HOPE), wide-mouth (5.5 
em, 2.2 in.) scmple bottlES were U93d to collect all S31TlpiES. 
RESidents were instructed not to remove oorators prior to 
scmpling and not to collect S31TlpiES after point-of-t..re or point
of-entry trEEtment deviCES. 

Several prior studiES have suggESted that significant 
contributions of particulate-a;sociated 163d can be mobiliZEd 
cs a function of flow rate and turbulence in certain water 
chemistriES, though studiES have not developed predictive 
relationship; to premisa plumbing material, s::ale composition, 
and hydraulic flow charocteristics.6•

10 
-

15 To try to achieve the 
most C{!QrESSive high flow conditions under rEEiistic field 
conditions, rESidents were instructed to collect all scmpiES by 
slowly opening the cold water kitchen tap until fully open. 
Upon receipt, the S31TlpiES were inspected by EPA for visible 
particulate matter prior to delivery to the laboratory. 

For all first-draw S31TlpiES, rESidents were instructed not to 
t..re any water throughout the household (i.e., no showering, 
wffihing clothES/dishES, flushing toilets, etc.) during the 
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Figure 1. First round IEa:l rESUlts for all sites. 
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minimum mandatory 6-h stq]nation period. In this study, PF 
s:rnples include a flush of at lEaSt 5 min prior to the mandatory 
minimum 6-h stq]nation period. A NHU s:rnple had no 
preflushing prior to the mandatory minimumstq]nation period. 
Residents were instructed to allow the water to sit motionless 
in the hm.rehold plumbing a minimum of 6 h, but not more 
than 24 h, and to record the dates/times the taps were flushed 
prior to the stq]nation period, and the dates/times S311lples 
were collected following the stq]nation period. First-draw 
S311lples using both variants (NHU and PF) were collected in 
the first and third rounds of monitoring in March/April and 
Septernber/Octooor, respectively. Additionally, 45-s flushed 
s:rnples were collected in the first round to e.raluate whether a 
s:rond-draw s:rnple more a::curately captured the ltvel of 
corrosion. Three-min, 5-min, and 7-min flushed s:rnples were 
collected in the third round of S311lpling to provide guidance to 
volunteers when high IEB:l ltvels were found (SI Table 87). 
This information can also oo USEd to provide site-specific 
guidance on minimum flushing times 11EreE3ry to reduce 
consumer exposure to IEB:l in drinking water. 

In the first round of S311lpl i ng, a:rll resident collected a N H U 
first-draw S311lple and then a s:rond-draw ( 45-s flushed) s:rnple 
after allowing the water to run for 45 s. On the s:rond day, 
residents collected a PF first-draw s:rnple and then a s:rond 
45-s flushed sam~le. EPA's current Public Notification 
Handbook advises1 residents to run the water 30 s or until 
it turns cold before consuming, if the water ha5 not bEen USEd 
for an unspecified "extended period of time", which can result 
in higher IEB:l levels at the tap for consumers. It ha5 also bEen 
pre.tiously demonstrated that in some situations, this advice can 
cause residents to consume the worst-cere water sitting 
stq]nant in the LSL.17 (Figure 1) 

Sites 14, 15, 16, and 37 were verified as not having LSLs and 
were excluded from further S311lpling. Site 2 was verified as not 
having a LSL following the June SEquential S311lpling and was 
excluded from the final round of monitoring. The 45-s flushed 
s:rnpling was discontinued following the March/ April S311lpling 
first round due to the prES311ce of reverely corroded galvani2ed 
pipe in some of the residences (SI Figure S4) which reduced 
the inner pipe diareter, restricting water flow and resulting in 
varying volumes of water flowing through the plumbing for the 
same flush time. 

In June 2011 , m:;h resident collected a total of twelve PF 
SEquential S311lples in one day of s:rnpling. The first PF 
SEquential S311lple was also the PF first-draw s:rnple for the data 
analysis. All S311lples were analyzed for IEB:l, copper, zinc, and 
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iron. The co-occurrence of the metals, along with plumbing 
details, was USEd in qualitative cm:ssrrents to correlate IEB:l 
results with potential sources of IEB:l in the plumbing network 
(SI Figure 93).4•

10 

In September I Octooor 2011 , a:rll resident collected a N H U 
first-draw S311lple, and a minimum of 11 PF SEquential 1-L 
s:rnples. Sites with high IEB:l levels in the pre.tious rounds 
collected an additional 3 or 4 PF SEquential s:rnples, and one 
site with a very long LSL (159ft, 48 m) collected an additional 
9 PF SEquential S311lples. The additional PF SEquential S311lples 
were collected to determine the point at which IEB:l levels 
consistently dropped oolow the AL. All S311lples collected are 
included in the S311lpling summary with the numrers and types 
of s:rnples collected at m:;h site (SI Table 83). 

Most stq]nation times were relatively consistent ocross most 
sites at ootwren 6 and 8.5 h, and all but two sites had stq]nation 
times ootwren 6 and 9 h 10 min, which focilitated unadjusted 
comparisons (SI Table 93c). 

Additional flushed S311lples were collected in September/ 
Octooor for high IEB:l sites in order to provide residents with 
guidance on minimizing IEB:l ltvels in their drinking water. 
Recommended minimum flushing times were then estimated 
based on the IEECI levels and LSL lengths. ThEse results are 
included in the&lpporting Information, but not discussed here. 

Sample Analyses. All S311lples were visually inspected for 
particulate matter prior to delivery to the EPA Chicago 
Regional Laboratory. 83mples were pre:erved upon receipt by 
the laboratory using concentrated nitric ocid to pH <2 and held 
for a minimum of 24 h prior to analysis.18 The laboratory's 
Reporting Limits (RL) for IEB:l, copper, and zinc in drinking 
water s:rnples, using EPA Method 200.8, are 0.5, 1, and 10 IJg/ 
L, respectively. The laboratory's RL for iron in drinking water 
s:rnples, using EPA Method 200.7, is 80 IJg/L. Additional 
laboratory information is included in the Supporting 
Information. 

1111111111111111 

Both Variants of the First-Draw Protocol Significantly 
Underestimated Peak Lead Levels, and the NHU First
Draw Protocol Yielded Higher Results Overall than the 
PF First-Draw Protocol. The 90th percentile IEB:l values for 
all three rounds of first-draw S311lpling using both variants were 
slightly higher than Chicago's historical compliance results, but 
still fell well oolow the IEB:l AL (SI TableS4b). Only 2% of the 
total numrer of first-draw S311lples (3 of 151) exceeded the AL 
despite the pre:ence of IEB:l ltvels well above the IEB:l oction 
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Comparison of System 90th Percentile Compliance Data with 
Sequential Sampling 90th Percentile and Maximum Values 
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Figure 2. Comparison of 90th r;ercentile LCR compliance data to 90th r;ercentile values from LSL s:rnples (a::ro:s sites by liter) and rrnximum 
values from LSLs. The green dashed line indicates the avercge 90th r;ercentile compliance monitoring value for Chiccgo between 1999 and 2010 of 6 
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Figure 3. LSL results were highly varicble within a:d1 LSL and from site to site. Error tars represent 1 standard deviation. 
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le.tel within the s:lrvire linES a:; indicated by the 45-s flushed 
rESUlts in the first round of monitoring and SEquential S3111pling 
rESUlts in the sa:::ond and third rounds. 

In contrffit, if the 90th perrentile value of a:dl of the 
suro:ssive se:quential I iter S3111piES from the LSL.s is computed 
ocross all scrnpling sitES, the lead levels were up to four tirre:; 
higher than ChicqJo's average 90th perrentile value using FD 
scrnpiES. Some pESk valUES for a:dl SEquential liter calculated 
ocross all scrnpling sitES were over twire the lead ALand up to 
six tirre:; higher than the regulatory complianre data (Figure 2). 
In summary, 69 of 336 (21%) of the individual SEquential 
scrnpiES collected in June and 75 of 319 (24%) of SEquential 
samplES in September/October exreeded the lead AL, 
indicating that current scrnpling protocols will often consid
erably underEStimate the peak lead le.telsand overall mobilized 
rre;s of waterborne lead in a system with lead s:lrvire linES. 

The NHU rESUlts were nul'l"Brically higher overall than the 
corrESpOnding PF valUES for most sitES, but the difurenCES were 
not statistically significant. The PF first-draw protocol produced 
lower individual rESUlts than NHU first-draw protocol in 23 of 
32 scrnple pairs in March/April, and 20 of 27 scrnple pairs in 
Sapt/Oct (SI Table S4a). Although NHU first-draw S3111piES 
were collected without directing the rESidents to flush the tap 
prior to the stagnation period, NHU can involve showering, 
Wffihing dishES, or doing laundry a short til'l"B prior to the 
stagnation period, which could clear the lead from the pipES 
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similar to preflushing the tap. Thus a NHU scrnple can be 
efuctively the S8l'l"B a:; a PF scrnple and yield similar rESUlts. 
Sinre the se:quential scrnpling rESUlts from thes:l S8l'l"B sitES 
show that there is much higher lead present within the LSL at 
the S8l'l"B til'l"B that the NHU and PF first-draw scrnpiES were 
collected, it stands to ra:son that if the NHU octivitiESwere not 
undertaken, and a larger scrnple s:lt were Us:ld, the NHU 
scrnpiES would yield rESUlts that were statistically higher than 
the corrESpOnding PF scrnpiES. The distanre from the kitchen 
tap to the bEginning of the LSL wa:; highly variable, ranging 
from approximately 3 to 87 feet (0.9 to 27 m), and the 
rn=:asured LSL lengths ranged from 43 to 159 feet ( 13 to 48 m). 
Conse:quently, for sitES with shorter total plumbing lengths, the 
initial and final SEquential S3111piES would include relatively 
uncontaninated water from the water main following the 5-min 
tap preflushing. Thes:l S3111piES would contain little to no LSL 
lead contribution, consistent with plumbosolvency and radial 
diffusion/flow principiES.5•

19
•
20 A targeted LSL S3111pling 

protocol isolating only LSL contoct water would likely yield a 
higher perrentage of rESUlts above the lead AL for system; with 
Pb( II) pipe s::ale chemistry, but the specific location of the peak 
lead levels will necESSarily vary with premis:l plumbing 
configurations. 

Seasonal Variability. In a site-by-site comparison, lead 
concentrations were higher in Sapt/Oct than in Mar/Apr or 
June, with the starkest statistical difurenre between first-draw 

dx.doi.org/10.1021/es40036361 Environ. &:i. TechnoL 2013, 47, 9300· 9307 
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Figure 4. Aver-ega lead levels at disturb:d and undisturb:d sits Error tars repre:ent 1 standard deviation. 

NHU S31llplescollected in Mar/April and Sapt/Oct (p = O.D3 
for two-tailed paired Student's t-test). Overall, 68%and 69'/oof 
NHU and PF first-draw sanples, respECtively, were higher in 
Sapt/Oct than in Mar/Apr, while 55% of paired saquential 
sanples were higher in Sept/Oct than in .lme. SEasonal 
variation in IEEd le.tels consists of multiple contributing foctors 
from the sourre water through the prernisa plumbing which 
could not oo precisely isolated in this study, but the results in 
this study are consistent with other finding:; on sa:sonal 
variability (SI Table S6d).21 Factors include (1) water 
temperature, (2) water chemistry variation, and (3) fluctuations 
in water ~for Sapt/Oct versus J.me, which could incra:se 
or dECra:se IEEd le.tels.22

•
23 

Lead Concentrations Vary Throughout Each Individ
ual LSL and among Different LSLs Across the System. 
There wa:, a high degrre of variability in saquential sanple 
rESUlts at rTlffit sites, some of which could include a particulate
bound component cs reflected in spikes in some saquential 
sanpling results (SI Figures S9-S40). For rna;t sites, no 
individual sanple result from within the LSL can dlara:ieri:ze 
the IEEd concentrations at the site. Within the complete 
sanpling profile results, IEEd levels at rTlffit sites ranged from 
well oolow to well above the AL (Figure 3). Under the LCR, 
this would rn:m that a system would rrret the action level and 
have no additional regulatory rEquirements or would exa:ed the 
AL and oo required to implement additional requirements, 
depending on which sanple result is selECted cs the complianre 
sanple. The variability within sites and ootwoon sites is similar 
in trend to that found in several other studies reporting 
saquential S31Tlpling conducted in water systems with ditaent 
corrosion control strategies and chemistries from 
CDWM.1,4,10,12,14,15,24 -21 

Additional complianre data from a 93COnd large utility (City 
B) which exa:eded the IEEd AL and conducted sanpling usi~ 
the temperature change LSL sanpling protocol in the LCR, 
yielded similar variability acra;s the system (SI Figure S8 and 
Table S9). A total of 1975 LSL sites were S31Tlpled, with 1762 
rESUlts (89'/o) oolow the IEEd AL; 128 results (6.5%) from 16 to 
30 IJg/L; 57 results (2.8%) from 31 to 50 IJg/L; and 28 rESUlts 
(1.4%) ootwren 51 and 580 IJg/L This LSL S31llpling protocol 
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is similarly vulnerable to low biaxs, although many results were 
considerably higher than the AL (SI Figure 88). 

Factors Affecting Lead Levels. The majority of high IEEd 
results occurred at sites with a documented physical 
disturbanre of the LSL ootwren 2005 and 2011 (Figure 4). 
The octual extent to which the LSL wa:, physically disturbed is 
unknown for all sites, and the records of disturbana:s are l:esEd 
on information provided by CDWM and by the S31Tlpling 
voluntoors (SI FiguresS9-S40). 

For the purposa of this study a physical LSL disturbanre is 
defined cs a rneter installation or replocement, autorneter
reader (AMR) installation, sarvire line look repair, external 
sarvire shut-off valve repair or replocement, or significant strret 
excavation dirECtly in front of the horne that could disturb the 
LSL An "undisturbed" site is an unrnetered site where neither 
the CDWM nor resident have a record or recollECtion of any 
disturbanre, cs defined above. A third category, "indetermi
nate'', is U93d for throo sites where CDWM hcs no record of any 
LSL disturbanre, and the resident did not provide a responsa cs 
to whether there hcs boon any LSL disturbanre. Cra;s-checking 
wa:, important OOcau93 information provided by volunteers in 
some caxs contradicted CDWM records, and upon further 
investigation, the records were found to oo incomplete and 
were corrECted, which resulted in rECicssification of the site. 

Of the 13 disturOOd sites, 11 sites had 3 or more saquential 
sanpling results above the IEEd AL, two sites had 2 results EECh 
above the AL, and one site had no results above the AL Of the 
16 sites with no known disturbanre, only thrre sites had any 
results above the IEEd AL In the remaining 3 "indeterminate'' 
sites, 30 of 81 S31Tlple results (37%) were above EPA's IEEd AL 
(Table 2). 

A rerent AWWA publication on the state of water 
infrcstructure highlights the nood for major infrcstructure 
work.28 This nro:ss3ry infrcstructure work will potentially 
incra:se the incidenre of darraJe to the protECtives::ales within 
LSLs cs this work is performed. lne.titably, thEre physical LSL 
disturbana:s will continue to occur with incra:sed frEquency cs 
part of daily routine water system maintenanre and nonwater 
related community infrcstructure work. 

dx.doi.org/10.1021/es40036361 Environ. &:i. Technol. 2013, 47, 9300-9307 
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Table 2. Lead Results for Disturbed, Undisturbed, and 
Indeterminate Sitesa 

disturbed sites undisturbed sites i ncletermi nate sites 

no. no. no. 
no. no. above no. no. above no. no. above 

sites samples AL sites samples AL sites samples AL 

13 327 117 16 372 6 3 81 30 
% samples over AL: % samples over AL: 2'/o % samples over AL: 

36% 37% 

a Most la3d results c:OOve the AL were found at sites with LSL 
disturb3nces. Additional results c:OOve the AL v.ere also found at sites 
where the status of the LSL (disturbed or undisturbed) could not re 
confirrred. Sites without LSL disturtances h3d few if any results above 
the AL. 

Possible Implications of Water Conservation and Use. 
Information provided by CDWM and voluntoors anecdotally 
St..q:JESts that low water ~ may alro play a role in high lead 
le.tels at rome sites. Of the four locations with the highest 
averqJelead levels, three (Sites 1, 29, and 10) had documented 
low water l..l!:aJ8. Site 1 had averqJe monthly water ~ of 
3444 gallons (13037 L) which does not appear to be low 
~- Howe.ter, information provided by the resident indicates 
that the majority of the monthly water~ occurs during a 
relatively small number of days during the month when there is 
a high volume of water l..l!:aJ8. Site 29 had averqJe monthly 
~ of 1826 gallons (6912 L), and Site 10 had an averqJe 
~ of 1438 gallons/month (5443 Llmonth). For compar
ison, the mean single-family household water usage is 
approximately 8582 gallons/month (32486 L/month), with a 
sizable standard deviation.29 

In two locations (Sites 17 and 5), lead le.tels clEcrea3ecl with 
an incra:m in water ~- fls water ~ approximately 
doubled at Sites 17 and 5, maximum lead levels from 33Cjuential 
s:rnpling clEcrea3ecl from 25 to 5.51Jg/L and from 17 to 121Jg/ 
L, respectively. Although this repre;entsasmall set ofs:rnples, 
thEre observations support the idea that higher lead le.tels can 
be a:;sociated with low water ~.30 

Extrapolating from prior rESEErch suggests the necessity of 
consistent flow to deliver corrosion inhibitor eft:ctively into 
pa:sivating films,31 and correlates incra:md inhibitor dosages 
with reduced lead rela:Ee.10

·
32

-
35 Low water l..l!:aJ8 may inhibit 

healing of the da'ncy3d s:::ales, and influence the rate of galvanic 
corrosion. Water ~ ett:cts cannot be separated from other 
s.:a:onal eficts in this study, but prior literature and the 
combined 33Cjuential graphs showing entire profiles shifted up 
or down from the .. lme to Sapt/Oct S311lpling suggest further 
investigation is warranted (SI Figures S9 -S40). fls conserva
tion efforts incrEaSe, it will become increasingly important to 
conduct further rESEErch on the relationship between water 
~ and increases in lead le.tels. 

The results in this study alro indicate that more appropriate 
flushing guidance must be developed, l::ffed on neighborhood 
and premise plumbing characteristics, and whether a home ha5 
a LSL or not. Much of the current published and web-l::ffed 
flushing guidance inadvertently increases the risk of exposure to 
elevated lead levels by clearing an insuffcient anount of water 
volume.17 Even fully flushing LSLs may only lower lead levels 
to a limiting, rn:asurable lead le.tel, that relates to the 
plumbosolvency of the water, the flow rate, the length and 
internal diameter of the pipe,5 -

7
•
10

•
19

,2° and possibly ett:cts of 
prior disturbances (SI Table ST). 
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Risk Identification and Management. RErently, CDC 
issued a health alert a:;sociating higher ele.tated blood lead 
le.tels with partial LSL replcrnrrent,36 and alro concluded that 
LSLs were an independent risk fcd:or for elevated blood lead 
le.tels e.ten when lead le.tels in drinking water met the LCR lead 
AL of 0.015 rng/L.37 fls highlighted in this study, LSLs can 
contribute high lead when they are disturbed in many ditaent 
ways, not just due to partial LSL replcrnrrent, and water t..1!:aJ8 
may also play a role in the resultant high lead le.tels and 
potential incra:md human exposure. In an August 2012 update 
on lead in drinking water and blood lead le.tels, the CDC notes 
that "Tre ra:mt 1BD Ill B rdaticrs fran tre CDC AdvisJry 
Cmmittre m Childhood Lead FbisJning Pramtion to rEdUB or 
eliminate lEad SJUm:s br childrm l:efore trey are eqxm:l 
un<::Ers:Dre tre rm::l to rEdUB lEad ron:mtraticrs in drinking 
water as rn.dl as r:asible'' .38 

fls the ultimate human and environmental health goal, LSLs 
should be completely removed where possible. The stability of 
the protective s:::ales within LSLs depends on many foctors 
which can change over time. For exanple, changes to water 
quality or treatment have resulted in hi~h lead le.tels over a 
sustained period of time (years).10

·
39 

-
4 Under the current 

regulatory ff"CJTBWork, ele.tated lead le.tels from disturbances, 
water quality, treatment, or water t..1!:aJ8 changes can potentially 
go undetected for up to 3 years between LCR compliance 
monitoring periods, which can result in incra:md public 
exposure over a significant period of time. 

Proper selection of s:rnpling sites, S311lpling protocol, and 
other site conditions is critical for evaluating the amount of lead 
corrosion and relEaSe that is occurring in the distribution 
system. Suca:ssful optimization of the plumbosolvency treat
ment depends on an accurate understanding of the corrosion 
rTEChanisms, pipe s:::ale mineralogy and structure, and the 
COn33CJuences of LSL disturbances and water conservation 
efforts. No published studies could be found that systematically 
investigated the time and inhibitor doses/water quality 
adjustments na::x:ss3ry to overcome the disturbances and 
damage to the lead pipe s:::ales that will be routinely occurring 
throughout cities a:;ross the U.S., as long as full or partial lead 
service lines remain in service. 

Analyses of the Chicago LSL s:::ales by EPA (to be reported 
els=mhere) reveal that the surfoce coatings on both lead service 
line and galvanized interior pipes from CDWM are primarily 
composad of amorphous aluminum, calcium, and phosphon..& 
rich deposits, and not crystalline lead(ll) (or zinc)
orthophosphate phaxs that are predicted by conventional 
divalent lead plumbosolvency theory for orthophosphate 
dosing.10

•
33

•
42 An understanding of the s:::ales is ESSential to 

study and implement procedures and strategies for efictive and 
timely repair of the protective s:::ales damaged by LSL 
disturbances, and to minimize the public's exposure to high 
lead levels that can result from damaging the scales. 
Experimental evaluations are critical when s:::ale compositions 
fall outside the s:;ope of well-understood predictive corrosion 
control practices. 

1111111111111111 r,~,,,,A.AJi 
* Supporting Information 

Additional be£kground information, tabular summaries of 
s:rnpling results, and graphics. This material is available free 
of charge via the Internet at http:/ /pubs.acs.org. 

dx.doi.org/10.1021/es40036361 Environ. &:i. Technol. 2013, 47, 9300-9307 
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The Lead and Copper Rule (LCR) is a treatment technique regulation that requires all public 
water systems to optimize corrosion control and utilizes tap sampling for lead and copper to 
determine whether additional actions need to be taken by the system. It is important to note that 
the sampling conducted under the LCR is not designed to evaluate individual consumers' lead 
exposure or risk and that the lead action level (AL) was not established as a health-based 
number. The lead AL is the level which EPA determined in 1991 that systems could feasibly 
meet, taking into account the available treatment technologies and the cost of those treatment 
technologies. The lead AL should not be viewed or used as a threshold value to determine 
whether the water is safe or unsafe to drink, and it should be reiterated that the EPA and CDC 
have determined that there is no safe level of lead exposure (i.e., no level at which there is not an 
adverse effect). 

Tap sampling conducted under the LCR is intended to measure the amount of lead and copper 
corrosion that is occurring in public water systems using worst-case site selection and a specified 
sampling protocol. The sampling protocols in the current LCR were established in 1991, based 
on the existence of many potential sources of lead throughout the water distribution system, 
including lead service lines connecting the water main to the homes, leaded-solder used to join 
copper pipe, and leaded-brass devices, such as meters, brass connectors and shut-offvalves, 
faucets and fixtures. The current LCR sampling requirements are prescriptive and based on the 
relative significance of lead sources in 1991. The sequential sampling protocol (described below, 
and in the accompanying paper) that resulted in capturing the highest lead, as well as the sample 
results themselves, are not allowed to be used in the current compliance calculation. 

The LCR utilizes a combination of: worst-case site selection (sites expected to yield the highest 
lead results); sampling protocols used to capture the highest lead; and repeated sampling at the 
same sites in order to measure the level of lead corrosion that is occurring throughout the water 
distribution system. Utilizing this sampling structure allows U.S. EPA to keep the sampling 
burden on public water systems manageable, while still accomplishing the objectives of the 
sampling under the LCR. Absent these key components, the number of samples needed to 
accurately assess system-wide corrosion would necessarily need to increase substantially to 
accomplish the objectives of the LCR. 

The action level for lead is 0.015 mg/L, but is presented here as 15 Jlg/L for the purpose of using 
consistent units for the data. An exceedance of the lead AL based on the sampling triggers 
specific actions that a public water system must undertake to protect public health, such as 
installing or adjusting corrosion control treatment and providing public education. Additionally, 
where the corrosion control treatment has proven ineffective at lowering lead levels below the 
lead AL, the removal of lead service lines is triggered. There are many different corrosion 
mechanisms and factors that govern lead corrosion. The selection of sampling sites, sampling 
protocol, and site conditions are essential components for evaluating the level of corrosion that is 
occurring in the distribution system, regardless of the mechanism(s) or contributing factor(s). It 
is therefore critically important that the sampling protocol accurately portray the level of 
corrosion that is occurring. 
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Lead Service Line and Plumbing Information 

As part of the sampling protocol, residents were asked to provide a plumbing profile (figure S 1 ), 
describing their internal plumbing, and identifying the location of the kitchen tap, and shut-off 
valve/meter. 

Home Plumbing and Service Line Diagrams 
Below there are 4 diagrams for common household plumbing configurations and the 5th diagram is blank. Please 
review the diagrams and select the diagram that best matches the plumbing configuration for your home. Each of 
the diagrams shows where the water service line comes into the home and where the kitchen tap is located. If none 
of the four diagrams matches your home, use the blank diagram (number 5) to draw where the water service line 
comes into your home and where your kitchen tap is located. If you do not know where the service line comes into 

the home, you can note that in your Home Plumbing description below. 

Note: Some homes have water meters and some do not. On the diagrams below, if you do not have a water meter, 
pick the diagram that matches where your service line comes into your home and where the kitchen tap is, and cross 

out the meter symbol 

Home Plumbing Description: In the space below, please describe your home plumbing as best you can, from the 
point at which the water service line comes into your home to the location of your kitchen tap (length of pipe, 
diameter of pipe, pipe material, etc.): 

Figure Sl: Plumbing Profile Diagram 
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Table S 1 contains a summary of the LSL information for each sampling site. Due to the site
specific plumbing characteristics, the liter which first begins to capture LSL water at each site 
was expected to be variable, as was the liter which would begin to collect uncontaminated water 
from the water mains. The study findings regarding whether the current sampling protocol is 
capturing the corrosion that is occurring are not affected by this limitation. 

Site 
LSL Length LSLEnd 

Site 
LSL Length 

LSL End Point ft (meters) Point ft (meters) 
1 89(27.1) BFW 22 65 (19.8) IFW 
3 73 (22.3) IFW 23 66 (20.1) IFW 
4 Unknown Unknown 24 56 (17.1) IFW 
5 80 (24.4) IBW 25 70 (21.3) IFW 
6 60 (18.3) IFW 26 66(20.1) IFW 
7 59+ (18.0+) BFW 27 47+ (14.3+) Unknown 
8 57 (17.4) IFW 28 61+ (18.6+) Unknown 
9 102 (3l.l) BFW 29 159 ( 48.5) BFW 
10 48+ (14.6+) IFW 30 49+ (14.9+) Unknown 
11 50 (15.2) IFW 31 71+(21.6+) IFW 
12 53 (16.2) IFW 32 43(13.1) IFW 
13 49+ (14.9+) Unknown 33 43+(13.1+) IFW 
17 58+ (17.7+) Unknown 34 Unknown Unknown 
18 76 (23.2) IFW 35 80 (24.4) BFW 
19 63(19.2) IFW 36 110 (33.5) IBW 
21 46 (14.0) IFW 38 51 (15.5) IFW 

IFW = LSL ends just inside the front wall 
IBW = LSL ends just inside the back wall 
BFW = LSL ends at an unknown distance beyond the front wall 
+ = Indicates that the LSL was measured from the water main to the front the home, and it 
is not known whether the LSL extends beyond the front wall of the home. 
Table Sl: LSL Lengths- The length of the LSLs for most sites were measured and are presented in this table. The 
LSLs for two sites (site 4 and site 34) were not measured. 

Figure S2: LSL Bulb 
Figure S3: LSL segment (3/4 inch I 1.91 em Figure S4: Severely corroded galvanized 
diameter) iron pipe. 
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Figure S2 shows a typical LSL in Chicago coming up from the foundation of the basement. The lead service line is a 
dull gray and easily scratched with a key. The soft LSL is typically soldered to the interior (household) plumbing, 
leaving a characteristic bulb. The LSL can also be connected to household pipe using a brass compression fitting. 

Figure S3 is a close-up of a 3/4 inch ( 1.91 em) diameter LSL, showing the thickness of a typical LSL. 

Figure S4 is a cross-section of a severely corroded galvanized pipe from one of the sample sites. In this photograph 
the inner diameter is significantly reduced which affects the volume of water that will flow through the pipe in a set 
amount of time. For homes with corroded galvanized pipe, water will flow slower through the pipe and longer 
flushing times are generally needed to flush the lead from the plumbing. 

City Information 

Samples were collected from 32 single-family homes in Chicago with LSLs. Twenty-three 
homes were in the Jardine Plant service area and nine homes were in the South Plant service 
area. 

Site# Home Built Service Area 
01 1893 Jardine 
03 1960 Jardine 
04 1941 South 
05 1901 South 
06 1953 Jardine 
07 1900 Jardine 
08 1941 Jardine 
09 1920 Jardine 
10 1943 Jardine 
11 1912 Jardine 
12 1952 Jardine 
13 1950 South 
17 1907 Jardine 
18 1953 Jardine 
19 1912 Jardine 
21 1938 Jardine 
22 1924 Jardine 
23 1944 South 
24 1906 Jardine 
25 1917 South 
26 1954 South 
27 1891 Jardine 
28 1932 Jardine 
29 1890 Jardine 
30 1954 South 
31 1923 Jardine 
32 1923 South 
33 1927 Jardine 
34 1915 Jardine 
35 1900 Jardine 
36 1957 South 
38 1927 Jardine 

Figure SS: Home age and plant service areas for sampling locations 
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Table S2 contains a summary of the City's compliance monitoring data for lead. The City 
exceeded the lead AL only once, during the July-December 1992 compliance monitoring period. 

City of Chicago (1992- 2010) 
90th Percentile Lead Values (Jt~/L) 

Monitoring Period Begin Monitoring Period End Number of Samples 90th Percentile Value 

1/1/2008 12/31/2010 50 6 

1/1/2005 12/31/2007 50 6 

1/1/2002 12/31/2004 50 4 

1/1/1999 12/31/2001 50 7 

1/1/1999 12/31/1999 50 8 

1/1/1998 12/31/1998 53 14 

7/1/1997 12/31/1997 100 11 

1/1/1997 6/30/1997 100 10 

1/1/1993 6/30/1993 100 13 

7/1/1992 12/31/1992 120 20 

1/1/1992 6/30/1992 100 10 

Table S2: City of Chicago 90th Percentile Compliance Values (1992- 2010) 

Laboratory and Analytical Information 

All samples were inspected for visible particulates prior to delivery to the laboratory. In light of 
the significant increase in visible particulate in the final round of monitoring, the presence of fine 
particulates that would readily dissolve in the nitric acid preservative should not be discounted. 
Samples collected during the final round of monitoring coincided with the Fire Department's 
annual valve exercising. Colloidal lead may explain some of the variability in lead levels 
between the June and Sept/Oct rounds. 

Laboratory blanks, laboratory fortified blanks and laboratory fortified samples were nm at a 
frequency of at least one per twenty samples. Laboratory blanks run with the samples did not 
have any detections of lead above the reporting limit and all Laboratory fortified blanks and 
laboratory fortified samples had recoveries greater than 90%. 

All laboratory instrumentation was inspected and maintained according to Chicago Regional 
Laboratory maintenance protocols, and calibrated daily according to Chicago Regional 
Laboratory standard operating procedures. 

The Chicago Regional Lab Quality Assurance (QA) Contact performed a data quality assessment 
on the results based on laboratory blanks, laboratory fortified blanks and matrix spikes. The QA 
Contact identified no biases in the sample results due to these quality control measurements. 

Sampling Summaries 

Sample site summary table - A summary table of the types of samples collected at each 
site, for each sampling protocol is presented in Table S3 below. The highlighted rows for Sites 2, 
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14, 15, 16 & 37 were confirmed not to have LSLs and Site 20 is the same residence as Site 21 
(Kitchen tap and bathroom tap). Following the first round of sampling, Site 20 (bathroom tap) 
was no longer sampled, to maintain consistency of using kitchen taps across all sites. Only 
sample results from LSL sites are presented and analyzed in the study paper. The first liter of the 
sequential samples in June and Sept/Oct also serve as the PF first-draw samples. 

Summary of Samples Collected at Each Site 

Site# 
Total# Mar/April June Sept/Oct 

Samples Day 1 Day2 Day 1 Day 1 Day 2 Day3 
01 34 A,C B,D E-12 samples A E-14 samples F,G,H 
02 16 A,C B,D E-12 samples DNS DNS DNS 
03 30 A,C B,D E-12 samples A E-ll samples F,G 
04 16 A,C B,D E-ll samples DNS DNS DNS 
05 28 A,C B,D E-12 samples A E-ll samples DNS 
06 28 A,C B,D E-12 samples A E-ll samples DNS 
07 35 A,C B,D E-12 samples A E-15 samples F,G,H 
08 35 A,C B,D E-12 samples A E-15 samples F,G,H 
09 30 A,C B,D E-12 samples A E-ll samples F,G 
10 34 A,C B,D E-12 samples A E-14 samples F,G,H 
11 30 A,C B,D E-12 samples A E-ll samples F,G 
12 34 A,C B,D E-12 samples A E-14 samples F,G,H 
13 16 A,C B,D DNS A E-ll samples DNS 
14 4 A,C B,D DNS DNS DNS DNS 
15 4 A,C B,D DNS DNS DNS DNS 
16 4 A,C B,D DNS DNS DNS DNS 
17 34 A,C B,D E-12 samples A E-14 samples F,G,H 
18 30 A,C B,D E-12 samples A E-ll samples F,G 
19 27 A,C B,D E-12 samples DNS E-ll samples DNS 
20 4 A,C B,D DNS DNS DNS DNS 
21 28 A,C B,D E-12 samples A E-ll samples DNS 
22 28 A,C B,D E-12 samples A E-ll samples DNS 
23 30 A,C B,D E-12 samples A E-ll samples F,G 
24 33 A,C B,D E-12 samples A E-14 samples F,G 
25 16 A,C B,D E-12 samples DNS DNS DNS 
26 30 A,C B,D E-12 samples A E-ll samples F,G 
27 33 A,C B,D E-12 samples A E-14 samples F,G 
28 30 A,C B,D DNS A E-ll samples F,G 
29 40 A,C B,D E-12 samples A E-20 samples F, G,I 
30 18 A,C B,D DNS A E-ll samples F,G 
31 31 A,C B,D E-12 samples A E-12 samples F,G 
32 28 A,C B,D E-12 samples A E-ll samples DNS 
33 33 A,C B,D E-12 samples A E-14 samples F,G 
34 18 A,C B,D DNS A E-ll samples F,G 
35 30 A,C B,D E-12 samples A E-ll samples F,G 
36 30 A,C B,D E-12 samples A E-ll samples F,G 
37 4 A,C B,D DNS DNS DNS DNS 
38 16 A,C B,D E-12 samples DNS DNS DNS 

A~ NHU First-draw Sample F ~ 3-minute Flushed Sample 

B ~ PF First-draw Sample G ~ 5-minute Flushed Sample 

C ~ NHU 45-Second Flushed Sample H ~ 7 -minute Flushed Sample 

D ~ PF 45 -Second Flushed Sample I~ 10-minute Flushed Sample 

E ~ Sequential Sample DNS ~ Site did not sample 

Table S3: Smmnary of samples collected at each site usmg each samphng protocol. 
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First-draw and 45-secondjlushed samples- Results for first-draw and 45-second 
flushed samples using the normal household use (NHU) and pre-flushed (PF) sampling protocols 
are presented in Table S4 below. 

In addition to the first-draw samples, a 45-second flush sample was collected by nmning the 
water for 45 seconds immediately following the collection of the NHU first-draw and PF first
draw samples during the March/ April sampling. Overall, the 45-second flush sample results were 
higher than the first-draw results, and yielded a higher percentage of results above the lead AL. 
A total of32 NHU/45-second flushed and 32 PF/45-second flushed samples were collected, with 
6 NHU 45-second flushed results above the lead AL (19%), and 5 PF/45-second flushed results 
above the AL (16% ). The total number of 45-second flush sample results above the lead AL was 
11 of 64 (17% ); a percentage significantly higher than the first-draw results (2% ). 

First-draw and 45-second Flushed Sample Lead Results (Jlg/L) 

B = PF First-draw Sample DNS = Site did not sample 
C = NHU 45-Second Flushed n = number of collected 

Table S4a: First-Draw and 45-Second Flushed Sampling Results. Samples that were above the lead AL are in bold, 
and samples that contained visible particulates are shaded yellow. 
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Summary ofNHU and PF First-Draw Results 
NHU PF PF NHU 

(Mar/Apr) (Mar/Apr) (June) (Sept/Oct) 

8 7 8 10 

32 32 28 29 

0 0 0 2 

PF 
(Sept/Oct) 

9 

30 

1 

Table S4b: Comparison ofLCR-equivalent 90th percentile results using alternative first-draw protocols. 

Sequential sampling results (June 2011)- The sequential sampling approach provided a 
more reliable (volumetric) method for assessing corrosion as compared to a flushed (time-based) 
approach. Attempting to characterize the flow at each site would require an evaluation of the 
plumbing materials and dimensions, as well as the condition of the plumbing materials at each 
site, is not a feasible or reliable protocol for compliance monitoring. 

The results of the each liter in the sequential sampling conducted in June are tabulated below in 
Table S5 by site. 
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Table SS: Smrunary of June Sequential Sampling Results. Samples that were above the lead AL are in bold, and 
samples that contained visible particulates are shaded yellow. 

Sequential Sampling Results (September and October 2011)- The results of the each 
liter in the sequential sampling conducted in September and October are tabulated below in 
Table S6 by site. Considerably more sample results contained visible particulates than in 
previous rounds. The presence of particulates may be a result of the Chicago Fire Department 
exercising valves during the time period when samples were being collected. 

All sites collected at least 11 sequential samples, and some sites with high sample results in June 
collected additional samples. The additional sequential sample results are included here but were 
not included in the data analyses, since extra samples were collected only from sites with high 
lead. A review of the data, including and excluding these additional results was performed to 
ensure that a bias has not been introduced, and the review indicates that the study findings are 
not significantly affected by including or excluding the data. With the additional 39 samples 
included, a total of 80 of 3 58 sample results (22%) exceeded the lead AL. Using only samples 1 
through 11 from each site, a total of 75 of 319 sample results (24%) exceeded the lead AL. For 
the purpose of the data analyses, the first liter sample from the sequential samples in June and 
Sept/Oct also serve as the first-draw PF sample. 
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Table S6a: Summary of September /October sequential sampling results used in data analyses. Samples that were 
above the lead AL are in bold, and samples that contained visible particulates are shaded yellow. 

SJJ of42 

Flint FOIA Production 12-120000045 ED_ 000838 _ 00000240-00019 



Site 12 
01 13.9 
03 --
05 --
06 --
07 12.7 
08 12.8 
09 --
10 --
11 --
12 6.98 
13 --
17 2.84 
18 --
19 --
21 --
22 --
23 --
24 12.8 
26 --
27 16.0 
28 --
29 11.1 
30 --
31 4.17 
32 --
33 12.4 
34 --
35 --
36 --

Min 2.84 

Max 16.0 
Ave 10.6 

90th o/oile 13.9 

EPA FOIA Production 12/12/2016 
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Sept/Oct Sequential Sampling Results by Site/Liter (Jtg/L) 
Liter 

13 14 15 16 17 18 
14.1 11.7 -- -- -- --
-- -- -- -- -- --
-- -- -- -- -- --
-- -- -- -- -- --

9.29 6.52 6.03 -- -- --
9.34 7.93 6.27 -- -- --

-- -- -- -- -- --
27.1 21.1 10.7 -- -- --

-- -- -- -- -- --
3.28 2.04 -- -- -- --

-- -- -- -- -- --
2.62 2.59 -- -- -- --

-- -- -- -- -- --
-- -- -- -- -- --
-- -- -- -- -- --
-- -- -- -- -- --
-- -- -- -- -- --

15.3 15.4 -- -- -- --
-- -- -- -- -- --

12.8 9.24 -- -- -- --
-- -- -- -- -- --

10.1 9.21 9.01 9.29 8.99 8.77 
-- -- -- -- -- --
-- -- -- -- -- --
-- -- -- -- -- --

11.5 10.1 -- -- -- --
-- -- -- -- -- --
-- -- -- -- -- --
-- -- -- -- -- --

2.62 2.04 6.03 9.29 8.99 8.77 
27.1 21.1 10.7 9.29 8.99 8.77 
11.5 9.58 8.00 9.29 8.99 8.77 
15.3 15.4 10.7 9.29 8.99 8.77 

19 20 
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --

8.73 8.39 
-- --
-- --
-- --
-- --
-- --
-- --
-- --

8.73 8.39 
8.73 8.39 
8.73 8.39 
8.73 8.39 

Table S6b: Smrunary of Supplemental September/October sequential sampling results not used in data analyses. 
Samples that were above the lead AL are in bold, and samples that contained visible particulates are shaded yellow. 
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Stagnation Times - Volunteers were asked to record the date and time water was last used, and 
the date and time when sampling began for each set of samples. Table S6c is a summary table 
which contains the stagnation times for the sequential samples, which is the amount of time the 
water sat motionless in the household prior to sample collection. 

Sample Collection Stagnation Times 

June Sequential Sept/Oct Sequential 
Sampling Sampling 

Stagnation Stagnation 
Site Time Site Time 

(brs:mins) (brs:mins) 
1 6:32 1 8:04 
3 7:13 3 7:45 
4 7:06 5 7:45 
5 7:00 6 8:00 
6 9:10 7 7:13 
7 7:24 8 6:05 
8 7:35 9 7:20 
9 8:15 10 *** 
10 6:06 11 7:08 
11 7:00 12 6:26 
12 8:06 13 *** 
17 6:25 17 6:55 
18 8:43 18 12:53 
19 6:30 19 *** 
21 6:15 21 6:00 
22 6:20 22 6:15 
23 7:45 23 9:00 
24 8:33 24 7:01 
25 8:32 26 7:00 
26 7:00 27 7:45 
27 7:00 28 8:00 
29 *** 29 *** 
31 7:26 30 10:45 
32 7:13 31 7:30 
33 7:02 32 6:54 
35 7:04 33 9:06 
36 7:45 34 7:05 
38 7:13 35 6:55 

36 8:47 

***Volunteer did not record date/time the water was 
last used, but said it was the day before and was at 
least 6 hours before sampling. 

Table S6c: Smrunary of stagnation times for sequential sampling. 
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Seasonal Variability- Table S6d contains a site by site comparison of lead concentrations. 

Seasonal Variability (Spring vs. Fall & Summervs. Fall) 

First-Draw NHU 
Sept/Oct> 

First-Draw PF 
Sept/Oct> Sequential Sept/Oct> 

Mar/Apr Mar/Apr Samples June 
No. ofSample 

28 
No. of Sample 

29 
No. ofSample 

285 
Pairs Pairs Pairs 
No. Higher in 

19 
No. Higher in 

20 
No. Higher in 

156 
Sept/Oct Sept/Oct Sept/Oct 
%Higher in 

68% 
%Higher in 

69% 
%Higher in 

55% 
Sept/Oct Sept/Oct Sept/Oct 
First-Draw Samples: Mar/Apr vs. Sept/Oct (Same Site, Same First-Draw Protocol Compared) 
Sequential Samples: June vs. Sept/Oct (Same Site/Same Liter Compared) 

Table S6d: Seasonal variability effects observed. 

Flushed sample results - The results of the flushed samples collected in September and October 
are tabulated in Table S7 by site. Most sites collected a 3 minute and 5 minute flushed sample. 
Some sites collected a 3, 5, and 7 minute flushed sample; and one site (site 29) collected a 3, 5, 
and 10 minute flushed sample, due to the length of the service line (159ft I 48.5 m). 

A flushed sample is collected by fully opening the sample tap and letting the water run for at 
least five minutes prior to a minimum 6 hour stagnation period. The date and time of the PF was 
recorded. After the minimum 6 hour stagnation period, and immediately before beginning the 
flushed sample collection, the date and time were again recorded and used as the start of 
sampling. The 3, 5, 7 and 10 minutes are measured from that start time, and water was not turned 
off between samples. For sequential sampling and flushed samples, the water was not turned off 
between samples. 

EPA's current Public Notification Handbook includes instructions that advise residents to run the 
water between 30 and 45 seconds before collecting water for consumption if the water has not 
been used for an extended period of time. Running the water (flushing) for 45 seconds resulted 
in high lead levels at the tap for some sites. The flushed sampling results in this study indicate 
that EPA should develop a more appropriate flushing guidance, based on whether a home has a 
LSL or not, and the length of the LSL. 

For homes with long LSLs, such as Site 29 (159ft I 48.5 m), flushing may not be a practical way 
to reduce lead levels, as lead levels did not decline any further following 3, 5 and 10 minutes of 
flushing. In the case of site 29, residents would likely have a minimum of approximately 8 to 
11 Jlg/L of lead in the drinking water for all water consumed, and should consider installing a 
water filter or using bottled water for drinking and cooking. 
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Flushed Sample Summary Table (pg/L) 
Mar/Apr2011 Mar/Apr2011 Sept/Oct 2011 Sept/Oct 2011 Sept/Oct 2011 Sept/Oct 2011 

Site NHU 45sec PF 45sec 3min Smin 7min lOmin 
01 11.3 11.9 6.48 6.97 
03 12.0 6.71 3.78 2.93 
04 6.76 2.56 
05 13.2 14.1 
06 1.90 2.13 
07 15.3 24.9 5.49 5.46 5.32 
08 32.2 28.0 8.25 5.54 5.71 
09 15.9 17.7 14.3 7.23 
10 25.0 21.6 4.95 4.30 4.09 
11 4.13 5.30 1 75 1.69 
12 17.2 5.45 1 78 1.45 1.33 
13 3.50 2.94 
17 4.00 3.70 2.88 2.76 2.86 
18 9.57 12.4 4.15 3.71 
19 4.69 8.27 
20 2.80 2.54 
21 6.87 13.8 
22 9.19 7.93 
23 13.1 11.5 5.64 
24 6.10 4.98 6.38 
25 3.75 ND 
26 3.02 3.45 5.06 3.23 
27 4.53 3.76 15.0 14.1 
28 4.99 4.70 4.82 3.26 
29 13.5 28.6 11.9 10.9 10.8 
30 12.5 6.52 5.80 4.82 
31 3.16 12.3 3.78 3.76 
32 2.29 7.82 
33 16.4 14.0 4.40 4.06 
34 1.51 3.30 1.83 1.75 
35 5.28 10.5 5.53 4.03 
36 111 8.76 7.19 5.29 
38 1.60 2.30 

NHU 45sec Samples were collected following the collection of the First-Draw NHU samples by running the water 
for45 seconds following the collectionofthe First-Draw NHU sample. 

PF 45sec Samples were collected following the collection of the First-Draw PF samples by running the water for 45 
seconds following the collection of the First-Draw PF sample. 

3min, 5min, 7min, and lOmin flushed samples were collected after pre-flushing the tap for at least 5 minutes prior to 
the minimum 6 hour stagnation time during which no water was used in the home. Following the stagnation period 
and prior to sample collection, residents flushed the tap for 3 min to collect the 3min sample, and then an additional 
2min for the 5min sample or 4min for the 7min sample. One site (site 29) had the longest lead service line so this 
site collected a 3 min, 5 min and lOmin flushed sample (water was flushed for an additional 5 minutes following the 
collection of the 5min sample to collect the 10 min flushed sample). Water was not turned off in between samples to 
avoid the water hatruner effect. Residents were instructed to have the bottles ready to insert under the faucet at the 

time. 

Site 20 and Site 21 are the same residence. Site 20 was the upstairs bathroom and Site 21 was the kitchen sink. Note 
that neither the 45sec NHU nor PF samples from the upstairs tap captured any LSL water, while at least one of the 
kitchen tap smnples did. 

Table S7: Smrunary table of flushed sample results. Samples that were above the lead AL are in bold, and smnples 
that contained visible particulates are shaded yellow. 
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Classification of Disturbed LSL Sites - A summary of the classification of each site as 
"disturbed", "undisturbed", or "indeterminate" is presented in Table S8, along with the number 
of samples collected per site and the number and percentage of sample results above the lead 
action level. The results from the "disturbed" and "undisturbed" sites are consistent with other 
research efforts showing that LSL disturbances result in higher lead levels[1

-
31 . 

Disturbed, Undisturbed and Indeterminate Site Summary 

Disturbed 
Total #Samples 

Undisturbed 
Total #Samples 

Indeterminate 
Total #Samples 

Sites Samples AboveAL Sites Samples aboveAL Sites Samples aboveAL 
Collected (Disturbed) Collected (Undisturbed) Collected (Indeterminate) 

01 27 16 03 27 4 12 27 17 
05 27 2 04 14 0 21 27 7 
07 27 11 06 27 0 33 27 6 
08 27 19 11 27 0 --- --- ---
09 27 15 13 15 0 --- --- ---
10 27 15 18 27 0 --- --- ---
17 27 3 19 27 0 --- --- ---
27 27 5 22 27 0 --- --- ---
28 15 0 23 27 0 --- --- ---
29 27 15 24 27 0 --- --- ---
30 15 4 25 14 0 --- --- ---
31 27 10 26 27 0 --- --- ---
35 27 2 32 27 2 --- --- ---
--- --- --- 34 15 0 --- --- ---
--- --- --- 36 27 0 --- --- ---
--- --- --- 38 16 0 --- --- ---

Totals 327 117 Totals 371 6 Totals 81 30 
% of samples above AL: 36% % of samples above AL: 2% % of samples above AL: 37% 

Table S8: Summary Table of Disturbed, Undisturbed and Indeterminate Sites, with the number and percentages of 
sample results above the lead AL for each site and each grouping. 

Many direct LSL disturbances are localized to a specific segment of the LSL, and yet some sites 
have higher lead levels in sample liters over a significant portion of the LSL, not just in the 
immediate area of the LSL that was disturbed. A probable reason is that, except for the initial 
liter of water, each subsequent one-liter sample reflects both lead levels within the segment of 
the plumbing where the water stagnated as well as a contribution from the rest of the plumbing 
the water travelled through. For example, the fifth liter of water collected from a kitchen tap will 
not only capture the lead from the segment of LSL where the water stagnated, but it will also 
collect contributions from the plumbing downstream as the water passes through the remaining 
LSL and internal plumbing on the way to the kitchen tap. If the sample results only represented 
the portion of the plumbing where the water stagnated, it would be expected that a variety of 
metals would be found in the initial liters due to the presence of a variety of metallic plumbing 
materials and components, but only lead should be found in the LSL samples. In this study, a 
variety of metals was detected even in samples that represented LSL samples (Figure S6). 

Specifically, for Site 9, information provided by the resident indicated that the internal pipe from 
the LSL to the kitchen tap was galvanized iron pipe. This was confirmed by the co-occurrence of 
higher levels of zinc and iron within the first liter of water in figure S6. There were no copper 
pipes in the home, so the presence of the copper is indicative ofbrass components (faucet, 
connectors, shut-offvalve(s), and the water meter). Trace amounts of iron, zinc and copper are 
captured in the later liter samples as the water flows through the internal plumbing en route to 
the kitchen tap, along with traces of iron, potentially from the water main. It can reasonably be 
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assumed that the same phenomenon occurred for lead. Disturbed areas of the LSL have damaged 
scale, which can expose water passing through them to fresh lead. Therefore, lead measured in 
any sample upstream of the damaged area may include lead contributions from the damaged 
area. 

Sample location: Site 9 (June Sequential Sampling) 

•Lead Zinc 

2.5 90 
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1 2 3 4 .5 6 7 8 9 10 11 12 

Figure S6: The LSL at Site 9 measures approximately 102 ft (31.1 m) from the water main to the meter. From the 
meter, there is approximately 13.5 ft ( 4.1 m) of 1 inch (2.54 em) galvanized pipe to the kitchen tap. 

Variability of lead levels in City B- A second city, City B, exceeded the lead AL during 
the July-Dec 2010 monitoring period, and was required to comply with the LSL replacement 
requirements in the LCR. Table S9 contains the compliance monitoring history for City B. 

Monitoring Period Monitoring Period Number of Lead 901
n Percentile 

Begin Date End Date Samples Value (~g/1) 
7/1/2011 12/31/2011 101 12 
1/1/2011 6/30/2011 130 14 
7/1/2010 12/31/2010 105 23 
1/1/2009 12/31/2009 51 15 
1/1/2008 12/31/2008 58 14 
1/1/2007 12/31/2007 50 11 
1/1/2006 12/31/2006 60 14 
1/1/2005 12/31/2005 54 13 
1/1/2004 6/30/2004 104 12 
7/1/2003 12/31/2003 108 12 
1/1/2002 12/31/2004 50 15 
1/1/1999 12/31/1999 55 14 
1/1/1998 12/31/1998 50 6 
1/1/1997 12/31/1997 50 7 
7/1/1996 12/31/1996 50 15 
1/1/1996 6/30/1996 50 15 
7/1/1992 12/31/1992 50 15 
1/1/1992 6/30/1992 50 21 

Table S9: City B 90th percentile compliance values (1992- 2012). Samples that were above the lead AL are in bold. 
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The sampling instructions presented in Figure S7 are in accordance with the LCR, and were used 
to collect the LSL samples in City B, which has approximately 25,000 LSLs. 

Instructions for Lead Sample Collection 

1 Make sure the faucet used for 

device. 
z At make sure the rnu ... wu'" 

undisturbed for a 

collection 

11 No faucets in the house are 
11 The toilet is not flushed 

• The water Is not run for an lee maker. 

3 When you are to collect the <:::~m,n•~>~ 

Make sure the is taken before any other water is used. 

" the collection container. 

• Turn on the cold water. 
11 Allow the water to run until there a ~•arutlr·::~nt 

• Fill the container to the shoulder. 

• Do not rinse the bottle out. 
11 capthe 

4 Fill out the enclosed chain of 

S Fold and secure the chain 

container. 

container. 

form and survey. 

Place the container outside where it was·delivered. 

remains 

shower and sinks. 

•:• A utilities up the container. No one will enter your home. The 

must be left outside to be up. 

Figure S7: LSL sampling instructions provided by City B to residents. 

The sampling protocol used for collecting LSL samples ("allow the water to run until there is a 
significant change in temperature") can result in some sample results reflecting lead levels from 
internal plumbing rather than from within the LSLs. 

The results from City B are presented below in Figure S8. Similar to the results presented for the 
study of Chicago, City B 's results show significant variability in LSL lead levels across the 
system. Following the 2010 lead AL exceedance, the City B took 1,975 LSL samples, with a 
total of 1,762 results (89%) below the lead ALand 213 results (11 %) above the lead AL. LSL 
results above the AL were significantly variable, ranging from 16 Jlg/L to 580 Jlg/L with a large 
number of sample results in exceedance of 50 Jlg!L. 
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Lead Service Line Results Above AL - City B 
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Figure S8: Range of lead values for City B LSL sampling results 
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Sequential Sampling Summary Graphs-The headers are color-coded based on whether 
the site has a disturbed LSL (red) or an undisturbed LSL (green). Sites for which this could not 
be determined (indeterminate sites) are color-coded orange. Water usage information is listed for 
each site. The samples which contained visible particulates are highlighted yellow, and the 
results that are above the lead AL are in bold text in the data tables. For sites that conducted 
sequential sampling in both June and Sept/Oct, the sequential sampling profiles were generally 
consistent during both sampling periods (see Figures S9- S40). 
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Disturbance( s ): Water meter installed in 20 I 0 
ApproximateLSL Length: 89ft (27.1 m) 
Ave Monthly Water Use: 3,444 gal. (13,037 L) 

Figure S9: Sequential Lead Results- Sample Site #I (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 73ft (22.3 m) 
Ave Monthly Water Use: Not metered 

5 

Figure SlO: Sequential Lead Results- Sample Site #3 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: Unknown 
Ave Monthly Water Use: Not metered 

Figure Sll: Sequential Lead Results- Sample Site #4 (June) 

Site4 -June 

SiteS -June 

1 l 4 5 

Disturbance( s ): Water meter installed in 20 II 
ApproximateLSL Length: 80ft (24.4 m) 
Ave Monthly Water Use: I0,400 gal. (39,368 L) 

Figure S12: Sequential Lead Results- Sample Site #5 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 60ft (18.3 m) 
Ave Monthly Water Use: Not metered 

5 

Figure S13: Sequential Lead Results- Sample Site #6 (June and Sept/Oct) 
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Disturbance(s): Street excavation, potential installation of Cu whip at service connection in 2008 
ApproximateLSL Length: 59+ ft (18.0+ m) 
Ave Monthly Water Use: Not metered 

Figure S14: Sequential Lead Results- Sample Site #7 (June and Sept/Oct) 
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Site 8 

1 2 .3 4 5 6 7 8 9 

Disturbance( s ): Leak in parkway, repaired roundway in 2005. 
ApproximateLSL Length: 57ft (17.4 m) 
Ave Monthly Water Use: Not metered 

Figure S15: Sequential Lead Results- Sample Site #8 (June and Sept/Oct) 
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Disturbance(s): Water meter installed in 2008. 
ApproximateLSL Length: 102ft (3Ll m) 

Site9 

6 7 

-June 

10 11 12 B 14 15 

-June 

-------- -------- "·----------

8 9 10 11 12 

Ave Monthly Water Use: 3,190 (12,075 L)- In Sept 20ll, usage was 24,000 gaL (90,850 L) due to 
hose left running for one or more days. In calculating the overall average, the Sept 20 I 0 value of 
8,000 gaL (30,283 L) was also used for Sept 2011 instead of the 24,000 gaL (90,850 L) value. 

Figure S16: Sequential Lead Results - Sample Site #9 (June and Sept/Oct) 
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Site 10 

1 2 .':\ 4 5 6 7 8 9 10 11 12 B 14 15 

Disturbance(s): Service leak repair, water meter installed in 2009. 
ApproximateLSL Length: 48+ ft (14.6 m) 
Ave Monthly Water Use: 1,826 gal. (6,912 L) 

Figure S17: Sequential Lead Results- Sample Site #10 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 50ft (15.2 m) 
Ave Monthly Water Use: Not metered 

5 

Figure S18: Sequential Lead Results- Sample Site #11 (June and Sept/Oct) 
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Disturbance( s ): Indeterminate 
ApproximateLSL Length: 53 (16.2 m) 
Ave Monthly Water Use: Not metered 

Site 12 

5 6 7 

Figure S19: Sequential Lead Results- Sample Site #12 (June and Sept/Oct) 

4 

Disturbance(s): No known disturbance 
ApproximateLSL Length: 49+ ft (4.9 m) 
Ave Monthly Water Use: Not metered 

Figure S20: Sequential Lead Results- Sample Site #13 (Sept/Oct) 
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Site 17 
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Disturbance(s): Meter replacement in 2008. 
ApproximateLSL Length: 58+ ft (17.7+ m) 
Ave Monthly Water Use: 9,772 gaL (36,991 m) 

Figure S21: Sequential Lead Results- Sample Site #17 (June and Sept/Oct) 
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Disturbance(s): No known distutbance 
ApproximateLSL Length: 76ft (23.2 m) 
Ave Monthly Water Use: Not metered 

5 

Figure S22: Sequential Lead Results- Sample Site #18 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 63ft (19.2 m) 
Ave Monthly Water Use: Not metered 
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Figure S23: Sequential Lead Results- Sample Site #19 (June and Sept/Oct) 
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Disturbance( s ): Indeterminate 
ApproximateLSL Length: 46ft (14.0 m) 
Ave Monthly Water Use: Not metered 
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Figure S24: Sequential Lead Results - Sample Site #21 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 65ft (19.8 m) 
Ave Monthly Water Use: Not metered 
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Figure S25: Sequential Lead Results - Sample Site #22 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 66ft (20.1 m) 
Ave Monthly Water Use: Not metered 
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Figure S26: Sequential Lead Results - Sample Site #23 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 56ft (17.1 m) 
Ave Monthly Water Use: Not metered 
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Figure S27: Sequential Lead Results- Sample Site #24 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 70ft (21.3 m) 
Ave Monthly Water Use: Not metered 
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Figure S28: Sequential Lead Results - Sample Site #25 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 66ft (20.1 m) 
Ave Monthly Water Use: Not metered 

Figure S29: Sequential Lead Results- Sample Site #26 (June and Sept/Oct) 
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Disturbance(s): Meter replacement in 2010. 
ApproximateLSL Length: 47+ ft (14.3 m) 
Ave Monthly Water Use: 4267 gaL (16,152 L) 

Figure S30: Sequential Lead Results - Sample Site #27 (June and Sept/Oct) 
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Disturbance(s): Meter replacement in 2009. 
ApproximateLSL Length: 61+ ft (18.6+ m) 
Ave Monthly Water Use: 4273 gal. (16,175 L) 

Figure S31: Sequential Lead Results- Sample Site #28 (Sept/Oct) 
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Disturbance(s): Probable Approximate LSL leak repair, meter installed in 2010. 
ApproximateLSL Length: 159ft (48.5 m) 
Ave Monthly Water Use: 1,438 gal. (5,443 L) 

Figure S32: Sequential Lead Results - Sample Site #29 (June and Sept/Oct) 

S3Jof42 

10 11 

----

17 18 19 20 

Flint FOIA Production 12-120000045 ED_ 000838 _ 00000240-00039 



EPA FOIA Production 12/12/2016 
Flint Water Documents 

Site 30 

Disturbance(s): Broken water main in 2000, sidewalk replaced & street re-surfacing. 
ApproximateLSL Length: 49+ ft (14.9 m) 
Ave Monthly Water Use: Not metered 

Figure S33: Sequential Lead Results - Sample Site #30 (Sept/Oct) 
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Site 31 

Disturbance( s ): Approximate LSL leak repair in 2010. 
ApproximateLSL Length: 71 + ft (21.6+ m) 
Ave Monthly Water Use: Not metered 

Figure S34: Sequential Lead Results - Sample Site #31 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 43 ft(l3.l m) 
Ave Monthly Water Use: Not metered 
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Figure S35: Sequential Lead Results - Sample Site #32 (June and Sept/Oct) 
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Disturbance( s ): Indeterminate 
ApproximateLSL Length: 43+ ft (13.1 m) 
Ave Monthly Water Use: Not metered 
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Figure S36: Sequential Lead Results - Sample Site #33 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: Unknown 
Ave Monthly Water Use: Not metered 

Figure S37: Sequential Lead Results- Sample Site #34 (Sept/Oct) 
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Disturbance( s ): Meter installed in Aug 20 II (between June and Sept/Oct sampling). 
ApproximateLSL Length: 80ft (24.4 m) 
Ave Monthly Water Use: 4,667 gaL (I7,667 L)- Data available only for Aug-Oct 20II 

Figure S38: Sequential Lead Results - Sample Site #35 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 83+ ft (25.3 m) 
Ave Monthly Water Use: Not metered 

Site36 

5 6 

Figure S39: Sequential Lead Results - Sample Site #36 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 51 ft(l5.5 m) 
Ave Monthly Water Use: Not metered 

Figure S40: Sequential Lead Results- Sample Site #38 (June) 
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Sampling collection and reporting instructions and forms 
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March/April sampling- The sampling instructions and forms below were used in the 
March/ April sampling. Sampling was scheduled to conclude in March, but the sampling ran into 
April. As a result of the instructions below, some volunteers sampled one day at the kitchen tap 
and one day at the bathroom tap. The intent was to have all samples collected from the same tap, 
so volunteers that split the samples were asked to collect replacement samples so that a complete 
set of four samples was collected at the same tap. We chose the kitchen tap, and all samples 
collected thereafter were also collected at the kitchen tap. In addition, the 45-second flushed 
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sampling protocol was not used after the March/ April sampling due to the complication with 
corroded galvanized pipe. 

You will be taking a total of 8 samples for this study. One set of 4 samples will be taken in March 2011 and one set 
of 4 samples (using the same instructions) will be taken in August 2011. 

General Instructions for all four samples of a set 
Sample # 1 and Sample #2 must be collected one after another on the same day. 
Sample #3 and Sample #4 must also be collected one after another on the same day, and within the same week as 
Sample #1 and Sample #2. 

All samples should be collected from taps that are generally used by your household for drinking water. Do not 
collect samples from a taps that have not been used within the last 24 hours. Use a kitchen or bathroom cold-water 
faucet for your sampling. 

Do not collect samples from a tap that has a water filter or is connected to a water softener. If you have a water 
softener or water filter on your kitchen tap, collect your sample from a bathroom tap that is not attached to the water 
softener or water 

Collecting Sample # 1: The first sample is to be collected after water throughout the household has not been used 
for a minimum of 6 hours (example: midnight to 6am). During these 6 hours, do not flush toilets, shower, or run 
water from other faucets. The best time to collect samples is either: 
1) First thing in the morning, before any water is used in the household; or 2) Immediately upon returning from 

work, and prior to using any water, as long as water has not been used in the household during the day. 

1. When you are ready to collect your first sample, use the sample bottle labeled 'Sample # 1 '. 
2. Do not run any water from the tap before collecting the first sample. 
3. Place the opened sample bottle below the faucet and gently open the cold water tap. 
4. Fill the sample bottle as you would normally fill a glass of water for drinking, up to the neck of the bottle (see 

and tum off the water. the bottle. 

Important: Please make sure you use the bottle labeled 'Sample #2' (or your second sample' 

Collecting Sample #2: This sample is to be collected from the same faucet as Sample #1, immediately after 
collecting Sample #1. 

1. Shut off the water and 
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sample bottle (labeled Sample #2) below the faucet and gently open the cold water tap. 
2. Fill the sample bottle as you would normally fill a glass of water for drinking, up to the neck of the bottle (see 

Dhl)to:graons on first and tum off the water. the bottle. 

Important: Please make sure you use the bottle labeled 'Sample #3' (Or your third sample! 

Collecting Sample #3: Collect on a different day in the same week as Samples# 1 & #2. 

1. Before letting the water sit for a minimum of 6 hours, run the water from the faucet for 5 minutes at a high rate, 
and then do not use any water in the household for at least 6 hours after that (Example: Run the water for 5 
minutes at midnight before going to bed, and then do not use any water in the household until collecting the 
third sample at 6 am the following morning). 

2. Do not run any more water from the tap before collecting the third sample. Place the opened sample bottle 
below the faucet and gently open the cold water tap. 

3. Fill the sample bottle as you would normally fill a glass of water for drinking, up to the neck of the bottle (see 
Dhl)to:graohs on first and tum off the water. the bottle. 

Collecting Sample #4: This sample is to be collected from the same faucet as Sample #3. 

1. Immediately after collecting Sample #3, run the water for 45 seconds. Shut off the water, and place the opened 
sample bottle (labeled Sample #4) below the faucet and gently open the cold water tap. 

2. Fill the sample bottle as you would normally fill a glass of water for drinking, up to the neck of the bottle (see 
on first and tum off the water. the bottle. 

Figure S41: March/April sampling instructions. 
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Sample ID (from Sample Bottle #1): _____ _ Date/time Sample #1 was collected: 

Volunteer ID: _______ _ Sampling Location: Kitchen Faucet D Bathroom Faucet D 

Date/time the water was last used in household before collecting Sample #1: 

\Vas sample #1 collected from a faucet that has a water softener or water filter? YesD NoD 

Sample ID (from Sample Bottle #2): _____ _ Date/time Sample #2 was collected: 

Volunteer ID: ________ _ Sampling Location: Kitchen Faucet D Bathroom Faucet D 

Date/time the water was last used in household before collecting Sample #2: 

\Vas Sample #2 collected from the same faucet as Sample #1: YesD NoD 

Sample ID (from Sample Bottle #3): _____ _ Date/time Sample #3 was collected: 

Volunteer ID: _______ _ Sampling Location: Kitchen Faucet D Bathroom Faucet D 

Date/time the faucet was flushed before collecting Sample #3: ______________ _ 

\Vas sample #3 collected from a faucet that has a water softener OI' water filter? YesD NoD 

Sample ID (from Sample Bottle #4): _____ _ Date/time Sample #4 was collected: 

Volunteer ID: ________ _ Sampling Location: Kitchen Faucet D Bathroom Faucet D 

Date/time the faucet was flushed before collecting Sample #4: ______________ _ 

\Vas Sample #4 collected fmm the same faucet as Sample #3: YesD NoD 

Have there been any plumbing repairs or plumbing work done within the household during the last six months (including installation of 
new faucets)? Yes D No D 

If yes, explain briefly (Example - 'New faucet installed one week ago'): 

FOR EPA USE: Samples received by---------- Date/Time: 

Samples transferred to Region 5 Laboratory by---------- Date/Time: 

Volunteer Certification: I have read the sampling instructions and have collected the samples in accordance with the 
instructions provided. 

OR _____________ _ 
Signature/Date Volunteer ID/Date 

Figure S42: March/ April sample collection and reporting form. 
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Sequential Sampling Instructions for June - The sampling instructions and forms below were used 
in the June sequential sampling. 

Sequential Sampling Instructions 
Please read all instructions before beginning your sampling 

General Information 
•Use only the kitchen faucet for all of these samples. 

•Use only cold water and open the cold water tap all the way when filling the bottles. 

•Fill each bottle to the top of the label on the sample bottle. 

Sam~ling Instructions 
•The night before sampling (right before everyone goes to bed) run the water from the kitchen tap for at least 5 
minutes. Write down the date/time you finished running the water on the form on the back side of this page. 

•The water must sit motionless in the home plumbing for at least 6 hours before collecting the samples so do not use 
water in the home after you finished running the water and until all samples are collected the following morning. 
Showering, flushing toilets, or other water use will affect the sampling results. It may help to tape a sign in the 
kitchen and bathrooms with a reminder not to use the water, in case people forget. 

• The bottles are numbered, and it is very important to collect them in order (Sample 1 first, Sample 2 second, etc.). 

• In the morning, when you are ready to sample, place the open bottles in order by sample number. You will be 
collecting the samples without shutting off the water in between samples, so you should remove the caps from all 
bottles so that you have all of the bottles ready to fill. You can put the caps on after all samples have been collected. 
Try not to let any water spill in between samples. 

• Write down the date/time right before you sample on the form on the back side of this page. 

•Begin by placing the Sample 1 bottle under the faucet and open the cold water slowly until the faucet is fully open. 
While one bottle is filling, grab the next bottle so that you are ready to move it under the faucet quickly. 

•Once the bottle is filled to the top of the label, quickly place the Sample 2 bottle under the faucet, and continue until 
you have filled all sample bottles. 

Sequential Sampling- Sample Collection and Reporting Form 
Volunteer ID: 

Sampling Information 

Date/time the water was last used in household (the night before collecting the samples): -
Date/Time Volunteer Began Collecting Samples: 
Were All Samples Collected from the Kitchen Tap? Yes 0 No 0 
FOR EPA USE: Samples received by Date/Time: 

Samples transferred to Region 5 Laboratory by Date/Time: 

EPA Use: Visible Particulate in any samples? YesO NoD 
If Yes -List Samples With Particulate 

Volunteer Certification: I have read the sampling instructions and have collected the samples in accordance with 
the instructions provided. 

----------------------------------------- OR ______________________________ _ 
Signature/Date Volunteer ID/Date 

Figure S43: June sampling instructions and sample collection and reporting form. 
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Sampling instructions for September/October - In the final round of sampling, the number and 
type of samples was customized to each site and sites collected 3 days of sampling. The 
instructions below were for a site collecting one NHU First-draw sample, 11 sequential samples 
and a 2 flushed samples. Some sites collected additional sequential samples and some collected 3 
flushed samples instead of two. 

Sampling Instructions 
Please read all instructions before you start sampling. 

General Information 
Use only the kitchen faucet for all of these samples. 
Use only cold water. 
Open the cold water tap all the way when filling the bottles. 

U Fill each bottle to the top of the label on the sample bottle. 
Sampling Instructions 

There are three different sets of samples for you to collect (Sample Set #1, #2 aud #3). 
Each set will be taken on a different day. (The three sampling sets do not have to be taken on three days in 
a row.) 

U A section of the reporting form (attached) needs to be filled in for each day of sampling. 
A) Sample Set #1 (1 bottle, Blue Label) 
1. The water must sit motionless in the home plumbing for at least 6 hours before collecting the sample. Typically, 
the night before taking the sample, make sure that no one uses water in the home until you collect the sample from 
the kitchen the following morning. 

2. In the morning, when you are ready to sample, write down the date/time on the attached form. 

3. Fill up the bottle with the BLUE LABEL. That's it for collecting the first sample set. 
B) Sample Set #2 "Sequential Sampling" (11 bottles, WHITE LABELS) 
1. The night before sampling (right before everyone goes to bed) run the water from the kitchen tap for at least 5 
minutes. Write down the date/time you finished nmning the water on the form. After nmning the water for 5 
minutes, it should sit motionless in the home plumbing for at least 6 hours. 

2. In the morning, your first water usage should be collecting eleven samples in a row (one after another). Use the 
bottles with the WHITE LABELS. The samples should be collected without shutting off the water in between 
samples. To do this, remove the caps from all eleven bottles before you tum on the water. 

3. Place the eleven open bottles in order by sample number before you start collecting the samples Try not to waste 
water in between the samples. You can put the caps on after all 11 samples have been collected. The bottles are 
numbered Seq 01, to Seq 1l.lt is very important to collect the samples in order (Seq 01 first, Seq 02 second, 
etc.). 

4. Use the attached reporting fonn to note the date aud time that you started taking the sample set. 
C) Sample Set #3 (2 Bottles, GREEN LABEL aud YELLOW LABEL) 
1. The night before sampling (right before everyone goes to bed) run the water from the kitchen tap for at least 5 
minutes. Write down the date/time you finished running the water on the form. After nmning the water for 5 
minutes, it should sit motionless in the home plumbing for at least 6 hours. 

2. In the morning, when you are ready to sample, write down the date/time on the attached reporting form. 

3. Run the water for 3 minutes, then collect a sample in the jar with the GREEN LABEL. Continue to let the water 
run for au additional2 minutes (for a total of 5 minutes), aud collect the final sample in the bottle with the 
YELLOW LABEL. 

Figure S44: Sept/Oct sampling instructions. 
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Sample Collection and Reporting- Sampling set # 1 (Blue label) 
Volunteer ID: 

Sampling Information 

Date/time the water was last used in household (the night before collecting the samples): 

Date/Time Volunteer Began Collecting Samples: 

Were All Samples Collected from the Kitchen Tap? Yes D NoD 

FOR EPA USE: Samples received by Date/Time: 

Samples transferred to Region 5 Laboratory by Date/Time: 

EPA Use: Visible Particulate in any samples? YesD NoD 
If Yes -List Samples With Particulate 

-

Sample Collection and Reporting- Sampling set# 2 (11 samples, White labels) 
Volunteer ID: 

Sampling Information 

Date/time the water was last used in household (the night before collecting the samples): 

Date/Time Volunteer Began Collecting Samples: 

Were All Samples Collected from the Kitchen Tap? Yes D NoD 

FOR EPA USE: Samples received by Date/Time: 

Samples transferred to Region 5 Laboratory by Date/Time: 

EPA Use: Visible Particulate in any samples? YesD NoD 
If Yes -List Samples With Particulate 

Sample Collection and Reporting- Sampling set# 3 (Green and Yellow labels) 
Volunteer ID: 

Sampling Information 

Date/time the water was last used in household (the night before collecting the samples): 

Date/Time Volunteer Began Collecting Samples: 

We1·e All Samples Collected from the Kitchen Tap? Yes D NoD 

FOR EPA USE: Samples received by Date/Time: 

Samples transferred to Region 5 Laboratory by Date/Time: 

EPA Use: Visible Particulate iu any samples? YesD NoD 
If Yes -List Samples With Particulate 

Volunteer Certification: I have read the sampling instructions and have collected the samples in accordance with 
the instructions provided. 

Signature/Date 

OR __________________________ __ 

Volunteer ID/Date 

Figure S45: Sept/Oct sample collection and reporting form. 
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Background. Most IEEd in drinking water comes from 
premisa plumbing materials and IEEd sarvire lines (LSLs). LSLs 
are generally the largest sourre of lEa:! in drinking water when 
they are prES:lnt in public water systems.1 The 1986 83fe 
Drinking water Act Amendments banned new lEa:! pipes in the 
potable water network, but a legocy of millions of partial or 
whole LSLs remains in many public water systems.2 Where the 
term "lEa:! corrosion" is U93d, it refers to the corrosion of lEa:! 
plumbing materials that result in the transfer of dissolved or 
particulate lEa:! into the drinking water. 

The LEa:! and Copper Rule (LCR) sanpling is intended to 
rra:EUre the lEa:! le.tels in drinking water to cm:ss the 
efi:cti\1811Effi of corrosion control trEEtment utilized by public 
water systems (P/11'2£,) to minimize lEa:! in drinking water. 
P/11'2£, are required to usa sanpling sites that are presumed to 
be the highest-risk sites for IEEd rela:se, and to optimize 
corrosion control to minimize lEa:! levels at consumers' taps. 
Most published sanpling studies typically focus on systems 
having high IEEd levels or systems that have experienced 
challenges in attempting to balanre LCR complianre with 
various other trEEtrnent or water quality objECtives. Exoept for 
LCR compl ianre data, I itt le published data exists or is available 
for systems that are considered to be operating with optimal 
corrosion control and meeting the lEa:! action level (AL) in the 
LCR This study focuses on a system that is considered to have 
optimized corrosion control using a blended phosphate, with a 
relatively stable water quality, and complianre results 
historically well below the lood AL. This situation is 
reprES:lntative of a large percentage of systems sarving 
100,000 or more people that utilize orthophosphate or blended 
phosphates for corrosion control and the vast majority of 

This article not subject to U.S Copyright. 
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systems are meeting the lEa:! AL t:a::ecl on the current S31llpling 
protocol in the LCR. Additional information on the LCR and 
study is available in the Supporting Information (SI ). This 
study fOCU93d on whether (1) the current LCR complianre 
sanpling protocol adequately captures the pEEk lEa:! levels in a 
water system; (2) "preflushing" (PF) results in capturing lower 
lEa:! le.tels in sanples compared to S31llples collECted under 
normal household ~ (NHU) conditions; (3) a first-draw 
sanpling protocol appropriately determines the adequacy of 
optimal lEa:! corrosion control in water systems with LSLs; and 
(4) there is93ESOnal variability in thesanpling results using the 
difurent sanpling protocols. 

System Information. The Chicqp Department of water 
Management (CDWM) operates two similar conventional 
surfcm water filtration trEEtment plants sarving approximately 
5.4 million residents, including th093 in 125 suburbs. Lake 
Michigan is the sole water sourre, with relatively stable water 
quality looving the trEEtment plants and in the distribution 
system (Table 1). Before the LCR, CDWM utilized pH/ 
alkalinity adjustment for corrosion control. CDWM switched to 
a proprietary blended phosphate at both plants between 1993 
and 1994 which is still U93d as the primary corrosion control 
trEEtment. 

The LCR requires public water systems to collECt lEa:! 
sanples using a first-draw (FD) S31llpling protocol, andS31llples 
were collECted almost exclusively from single-fanily homes with 
LSLs as required by the LCR sanple site saiECtion require-
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Table 1. Water Quality Data 2011 

outlets distribution 

parameter min max min max 

temp (°C) 4 24 5 23 
turbidity (NTU) 0.1 0.2 0.1 0.4 
pH 7.5 7.8 7.7 7.8 
Cl2 residual (mg/L) 1.0 1.2 0.7 0.9 
total alkalinity (mg/L as CaC03) 103 108 98 108 
chloride (CI, mg/L) 16 20 17 20 
sulfate (mg/L) 29 31 29 30 

Ca (mg/L) 34 39 34 39 

P04 (mg/L) 0.4 0.6 0.5 0.5 
total P04 (mg/L) 0.8 1.1 0.8 1.2 

AI (119/L) 34 126 29 113 

Fe (119/L) <5 <5 <5 34 

Mn (119/L) <3 <3 <3 <3 

ments.3 8ince the initial LCR monitoring, Chicago has 
exoea::led the IEEd AL only once, during .lily- Doo3mber 
1992, with an averqJe OOth percentile compliance monitoring 
value between 1999 and 2010 of 6 iJQ/L (81 Table 82).3 

The LCR requirES 1-L, FD tap S311lpiES of water that has 
stood motionlESS in the plumbing system (i.e., has st<{lnated 
within the plumbing) for at least 6 h. The two variants of the 
FD scmpling protocol currently used by public water system; 
are defined herein as the NHU first-draw scmple, where water 
is used in a normal household manner, and then allowed to sit 
motionlESS in the plumbing for at least 6 h before the scmple is 
collected; and the PF first-draw S311lple, where the water is run 
from the S311lpling tap for a specified crnount of time 
immediately prior to the st<{lnation period. Howe.ter, the 
LCR dOES not provide specific details on water t..re during the 
st<{lnation period. 

Almost all p.,r.,f'2£, in the U.S. rely on rESidents to collect 
compliance scmpiES under the LCR and there are difurenCES 
ocrOffi the U.S. in how system; instruct rESidents not to t..re the 
water during the st<{lnation period prior to collecting the 
scmple. A re.tiew of example sats of scmpling instructions 
provided to rESidents by large p.,r.,f'2£, in the U.S. found that 
some are instructed not to t..re any water fran the tap to te 
scmpiEd during thest<{lnation period. Others are instructed not 
to t..re any waler in the ha..f£:tnld. Prior to 2009, CDWM used 
the PF first-draw scmpling protocol, with a 5-min preflush 
preceding st<{lnation. Recent instructions to rESidents included 
not using water from the scmpling tap or from any 1163rby tap 
until the (poststC{Ination) scmpiES were collected, and to 
collect scmpiESassoon as PQffiible after the minimum required 
6-h st<{lnation period. RegardlESS of the scmpling protocol, 
rESident-collected S311lpiES necessitate the t..re of simple 
instructions and make it diffcult to ensure strict adherence to 
any S311lpling protocol. In addition, the diversa premisa 
plumbing materials and configurations (81 Table 81) represent 
varying eft:cts of flow ratES, hydraulic flow charocteristi<S, and 
PQffiible IEEd sorption/particle rela:m ett:cts on the shapES of 
the IEEd ,grofiiES, particularly with corroded galvaniZEd pipe 
locations. ·5 

1111111111111111 

Sampling Objectives and Protocol. 8ince the promul
gation of the LCR, new rES:Erch on IEEd corrosion has shown 
that there are many rn:dlanisrrs and water quality foctors 
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involved.1
•
4

•
6

-
11 Specifically, theS311lpling protocolsUS8d in this 

study were evaluated to determine if 

preflushing biESES rESUlts; 
first-draw scmpiES, with or without preflushing, capture 
the "worst-ca:e" level of IEEd corrosion under normal t..re 

conditions; and 
s:asonal variability att:cts IEEd concentrations (in this 
water system). 

Consistent with the LCR requirements and CDWM 
compliance scmpling, scmpiES for this study were collected 
by voluntrer rESidents from 32 single-fa'nily rESidenCES, built 
between 1890 and 1960, with LSLs. An additional 5 horn:s 
were S311lpled and determined not to have LSLs, and were 
therefore excluded from further S311lpling. All rESUlts are 
included in the Supporting Information, but the non-LSL sitES 
were not US8d in the data analysis (81 TabiESS4a, 85, S6a, S3b, 
and ST). 

Information was requESted on the specific plumbing 
configurations of a:£h scmpling site to a much grEEter extent 
than the regulatory requirements which simply require the 
plumbing material to be identified. This information, along with 
analyse; conducted for IEEd, copper, iron, and zinc for a:£h 
scmple, focilitated a better understanding of the ob93rved water 
IEEd levels. RESidents were asked to (1) complete a plumbing 
profile identifying the kitchen tap and meter or internal shut-off 
valve, and (2) dEScribe the internal plumbing, including any 
recent plumbing work (81 Figure 81 ). The information 
provided by rESidents along with the rESUlts of the four metals 
provided additional information on the saquencES of plumbing 
materials, and the presance of in-line brass plumbing 
components. CDWM provided the locations of water mains, 
sarvice line materials, work conducted by the city at a:£h 
rESidence (meter installation or repair, shut-off valve repair/ 
replocement, sarvice line 1631< repair, street excavation), and 
monthly water t..re data for rESidenCES with water meters. The 
information provided by CDWM on water main locations was 
used to rn:asure the distance from the water main to a:£h 
rESidence, and internal plumbing information provided by 
rESidents was used along with the rn=:asured length from the 
water main to the rESidence to approximate the L8L length (81 
Table 81). 

RESidents were provided with written S311lpling and reporting 
instructions for a:£h S311lpling event (81 FigurES S41-S45). 
One-liter, high-density pol)€thylene (HOPE), wide-mouth (5.5 
em, 2.2 in.) scmple bottlES were US8d to collect all S311lpiES. 
RESidents were instructed not to remove oorators prior to 
scmpling and not to collect S311lpiES after point-of-t..re or point
of-entry trEEtment deviCES. 

Several prior studiES have suggESted that significant 
contributions of particulate-a;sociated IEEd can be mobiliZEd 
cs a function of flow rate and turbulence in certain water 
chemistriES, though studiES have not developed predictive 
relationship; to premisa plumbing material, s::ale composition, 
and hydraulic flow charocteristi<S.6·

10 
-

15 To try to achieve the 
most C{!QrESSive high flow conditions under rEEiistic field 
conditions, rESidents were instructed to collect all scmpiES by 
slowly opening the cold water kitchen tap until fully open. 
Upon receipt, the S311lpiES were inspected by EPA for visible 
particulate matter prior to delivery to the laboratory. 

For all first-draw S311lpiES, rESidents were instructed not to 
t..re any water throughout the household (i.e., no showering, 
washing clothES/dishES, flushing toilets, etc.) during the 
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First Draw and 45-Second Flushed Samples 
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Figure 1. First round IEa:l rESUlts for all sites. 

---------------- ----·· -----· --· ----

minimum mandatory 6-h stq]nation period. In this study, PF 
s:rnples include a flush of at lEaSt 5 min prior to the mandatory 
minimum 6-h stq]nation period. A NHU s:rnple had no 
preflushing prior to the mandatory minimumstq]nation period. 
Residents were instructed to allow the water to sit motionlESS 
in the hm.rehold plumbing a minimum of 6 h, but not more 
than 24 h, and to record the dates/times the taps were flushed 
prior to the stq]nation period, and the dates/times S3111ples 
were collected following the stq]nation period. First-draw 
s:rnples using both variants (NHU and PF) were collected in 
the first and third rounds of monitoring in March/April and 
Septernber/Octooor, respectively. Additionally, 45-s flushed 
s:rnples were collected in the first round to e.raluate whether a 
s:rond-draw s:rnple more a::curately captured the le.tel of 
corrosion. Three-min, 5-min, and 7-min flushed s:rnples were 
collected in the third round of S3111pling to provide guidanre to 
voluntoors when high lEal le.tels were found (SI Table ST). 
This information can also oo used to provide site-specific 
guidanre on minimum flushing times nea:ssary to redure 
consumer exposure to lEal in drinking water. 

In the first round of s:rnpl ing, a:rll resident collected a N H U 
first-draw S3111ple and then a s:rond-draw ( 45-s flushed) s:rnple 
after allowing the water to run for 45 s. On the s:rond day, 
residents collected a PF first-draw s:rnple and then a s:rond 
45-s flushed sam~le. EPA's current Public Notification 
Handbook advis:s1 residents to run the water 30 s or until 
it turns cold before consuming, if the water has not boon used 
for an unspecified "extended period of time", which can result 
in higher lEal levels at the tap for consumers. It has also boon 
pre.tiously demonstrated that in some situations, this advire can 
caLm residents to consume the worst-cere water sitting 
stq]nant in the LSL.17 (Figure 1) 

Sites 14, 15, 16, and 37 were verified as not having LSLs and 
were excluded from further S3111pling. Site 2 was verified as not 
having a LSL following the June SEquential S3111pling and was 
excluded from the final round of monitoring. The 45-s flushed 
s:rnpling was dis::ontinued following the March/ April S3111pling 
first round due to the prES311re of reverely corroded galvani2ed 
pipe in some of the residenres (SI Figure S4) which reduced 
the inner pipe diareter, restricting water flow and resulting in 
varying volumes of water flowing through the plumbing for the 
same flush time. 

In June 2011 , a:£h resident collected a total of twelve PF 
SEquential S3111ples in one day of s:rnpling. The first PF 
SEquential S3111ple was also the PF first-draw s:rnple for the data 
analysis. All S3111ples were analyzed for lEal, copper, zinc, and 
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iron. The co-occurrenre of the metals, along with plumbing 
details, was used in qualitative c:m:ss11ents to correlate lEal 
results with potential soura:s of lEal in the plumbing network 
(SI Figure 93).4•

10 

In September I Octooor 2011 , a:rll resident collected a N H U 
first-draw S3111ple, and a minimum of 11 PF SEquential 1-L 
s:rnples. Sites with high lEal levels in the pre.tious rounds 
collected an additional 3 or 4 PF SEquential s:rnples, and one 
site with a very long LSL (159ft, 48 m) collected an additional 
9 PF SEquential S3111ples. The additional PF se:quential S3111ples 
were collected to determine the point at which lEal levels 
consistently dropped oolow the AL. All S3111ples collected are 
included in the S3111pling summary with the numrers and types 
of s:rnples collected at a:£h site (SI Table 83). 

Most stq]nation times were relatively consistent ocrOffi most 
sites at ootwoon 6 and 8.5 h, and all but two sites had stC{!nation 
times ootwoon 6 and 9 h 10 min, which focilitated unadjusted 
comparisons (SI Table 93c). 

Additional flushed S3111ples were collected in September/ 
Octooor for high lEal sites in order to provide residents with 
guidanre on minimizing lEal le.tels in their drinking water. 
Recommended minimum flushing times were then estimated 
based on the lEal levels and LSL lengths. ThEse results are 
included in the&lpporting Information, but not dis:;ussed here. 

Sample Analyses. All S3111ples were visually inspected for 
particulate matter prior to delivery to the EPA Chicago 
Regional Laboratory. 83mples were pre:erved upon rEreipt by 
the laboratory using concentrated nitric ocid to pH <2 and held 
for a minimum of 24 h prior to analysis.18 The laboratory's 
Reporting Limits (RL) for lEal, copper, and zinc in drinking 
water s:rnples, using EPA Method 200.8, are 0.5, 1, and 10 IJg/ 
L, respectively. The laboratory's RL for iron in drinking water 
s:rnples, using EPA Method 200.7, is 80 IJg/L. Additional 
laboratory information is included in the Supporting 
Information. 

1111111111111111 

Both Variants of the First-Draw Protocol Significantly 
Underestimated Peak Lead Levels, and the NHU First
Draw Protocol Yielded Higher Results Overall than the 
PF First-Draw Protocol. The 90th percentile lEal values for 
all three rounds of first-draw S3111pling using both variants were 
slightly higher than Chicago's historical complianre results, but 
still fell well oolow the lEal AL (SI TableS4b). Only 2% of the 
total numrer of first-draw S3111ples (3 of 151) exreeded the AL 
de;pite the pre:enre of lEal le.tels well above the lEal oction 

dx.doi.org/10.1021/es40036361 Environ. &:i. Technol. 2013, 47, 9300-9307 
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Comparison of System 90th Percentile Compliance Data with 
Sequential Sampling 90th Percentile and Maximum Values 
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Figure 2. Comparison of 90th r;ercentile LCR compliance data to 90th r;ercentile values from LSL s:mples (ocro:s sites by liter) and rrnximum 
values from LSLs. The green dashed line indicates the avercge 90th r;ercentile compliance monitoring value for Chiccgo between 1999 and 2010 of 6 
J-lg/L 

LSL Values by Site 
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Figure 3. LSL results were highly varicble within a:d1 LSL and from site to site. Error tars represent 1 standard deviation. 
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le.tel within the s:lrvire lines as indicated by the 45-s flushed 
rESUlts in the first round of monitoring and SEquential S31llpling 
rESUlts in the SErond and third rounds. 

In contrast, if the 90th perrentile value of a:dl of the 
suro:ssive se:quential liter S31llples from the LSL.s is computed 
ocross all scrnpling sites, the lead levels were up to four times 
higher than ChicqJo's average 90th perrentile value using FD 
scrnples. Some pESk values for a:dl SEquential liter calculated 
ocross all scrnpling sites were over twire the lead ALand up to 
six times higher than the regulatory complianre data (Figure 2). 
In sumrrnry, 69 of 336 (21%) of the individual SEquential 
scrnples collected in June and 75 of 319 (24%) of SEquential 
samples in September/October exreeded the lead AL, 
indicating that current scrnpling protocols will often consid
erably underestimate the pESk lead le.telsand overall mobilized 
rre;s of waterborne lead in a system with lead s:lrvire lines. 

The NHU results were nui'TBrically higher overall than the 
corresponding PF values for most sites, but the diterences were 
not statistically significant. The PF first-draw protocol produced 
lower individual results than NHU first-draw protocol in 23 of 
32 scrnple pairs in March/April, and 20 of 27 scrnple r:airs in 
Sapt/Oct (SI Table S4a). Although NHU first-draw S31llples 
were collected without directing the residents to flush the tap 
prior to the stagnation period, NHU can involve showering, 
washing dishes, or doing laundry a short tii'TB prior to the 
stagnation period, which could clear the lead from the pipes 
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similar to preflushing the tap. Thus a NHU scrnple can be 
etectively the S8I'TB as a PF scrnple and yield similar results. 
Sinre the se:quential S31llpling results from thes:l S8I'TB sites 
show that there is much higher lead pre;ent within the LSL at 
the S8I'TB tii'TB that the NHU and PF first-draw scrnples were 
collected, it stands to ra:son that if the NHU octivitieswere not 
undertaken, and a larger scrnple s:lt were Us:ld, the NHU 
scrnples would yield results that were statistically higher than 
the corresponding PF scrnples. The distanre from the kitchen 
tap to the bEginning of the LSL wa:; highly variable, ranging 
from approximately 3 to 87 feet (0.9 to 27 m), and the 
rn=:asured LSL lengths ranged from 43 to 159 feet ( 13 to 48 m). 
Conse:quently, for sites with shorter total plumbing lengths, the 
initial and final SEquential S31llples would include relatively 
uncontaninated water from the water main following the 5-min 
tap preflushing. Thes:l S31llples would contain little to no LSL 
lead contribution, consistent with plumbosolvency and radial 
diffusion/flow principles.5•

19
•
20 A targeted LSL S31llpling 

protocol isolating only LSL contoct water would likely yield a 
higher perrentage of rESUlts above the lead AL for systems with 
Pb( II) pipe s::ale chemistry, but the specific location of the peak 
lead levels will nocess3rily vary with premis:l plumbing 
configurations. 

Seasonal Variability. In a site-by-site comr:arison, lead 
concentrations were higher in Sapt/Oct than in Mar/Apr or 
June, with the starkest statistical diterenre between first-draw 

dx.doi.org/10.1021/es40036361 Environ. &:i. TechnoL 2013, 47, 9300· 9307 
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Disturbed and Undisturbed Average LSL Values 
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Figure 4. Avera:Ja lead le.tels at disturb:d and undisturb:d sits Error tars repre::ent 1 standard deviation. 
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NHU S31Tlplescollected in Mar/April and Sapt/Oct (p = 0.03 
for two-tailed paired Student's t-test). Overall, 68%and 69'/oof 
NHU and PF first-clratv scrnples, respectively, were higher in 
Sapt/Oct than in Mar/Apr, while 55% of paired saquential 
scrnples were higher in Sept/Oct than in • .lme. SEasonal 
variation in IEEd le.tels consists of multiple contributing foctors 
from the sourre water through the prernire plumbing which 
could not be precirely isolated in this study, but the results in 
this study are consistent with other findings on sa:sonal 
variability (SI Table S6d).21 Factors include (1) water 
temperature, (2) water chemistry variation, and (3) fluctuations 
in water~ for Sapt/Oct versus • .lme, which could incra:se 
or decra:se IEEd le.tels.22

•
23 

Lead Concentrations Vary Throughout Each Individ
ual LSL and among Different LSLs Across the System. 
There was a high degree of variability in saquential scrnple 
results at most sites, some of which could include a particulate
bound component cs reflected in spikes in some saquential 
scrnpling results (SI Figures S9-S40). For most sites, no 
individual scrnple result from within the LSL can chara:ieri:ze 
the IEEd conrentrations at the site. Within the complete 
scrnpling profile results, IEEd levels at most sites ranged from 
well below to well above the AL (Figure 3). Under the LCR, 
this would rn:m that a system would rn:et the action le.tel and 
have no additional regulatory rEquirements or would 6<cred the 
AL and be required to implement additional requirements, 
depending on which scrnple result is selected as the complianre 
scrnple. The variability within sites and betwEen sites is similar 
in trend to that found in several other studies reporting 
saquential S31Tlpling conducted in water systems with difffent 
corrosion control strategies and chemistries from 
CDWM.1,4,10,12,14,15,24 -21 

Additional complianre data from a recond large utility (City 
B) which 6<creded the IEEd AL and conducted scrnpling usi~ 
the temperature change LSL scrnpling protocol in the LCR, 
yielded similar variability acra;s the system (SI Figure S8 and 
Table S9). A total of 1975 LSL sites were S31Tlpled, with 1762 
results (89'/o) below the IEEd AL; 128 results (6.5%) from 16 to 
30 IJg/L; 57 results (2.8%) from 31 to 50 IJg/L; and 28 results 
(1.4%) betwren 51 and 580 IJg/L This LSL S31Tlpling protocol 
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is similarly vulnerable to low bicses, although many results were 
considerably higher than the AL (SI Figure 88). 

Factors Affecting Lead Levels. The majority of high IEEd 
results occurred at sites with a documented physical 
disturbanre of the LSL betwren 2005 and 2011 (Figure 4). 
The octual ooent to which the LSL was physically disturbed is 
unknown for all sites, and the records of disturbances are l:esEd 
on information provided by CDWM and by the S31Tlpling 
voluntoors (SI FiguresS9-S40). 

For the purpore of this study a physical LSL disturbanre is 
defined cs a meter installation or replocement, autorneter
reader (AMR) installation, rervire line look repair, ooernal 
rervire shut-off valve repair or replocement, or significant street 
6<cavation directly in front of the horne that could disturb the 
LSL An "undisturbed" site is an unrnetered site where neither 
the CDWM nor resident have a record or recollection of any 
disturbanre, cs defined above. A third category, "indetermi
nate'', is ured for throo sites where CDWM has no record of any 
LSL disturbanre, and the resident did not provide a response cs 
to whether there has boon any LSL disturbanre. Cra;s.checking 
was important becaure information provided by volunteers in 
some ccses contradicted CDWM records, and upon further 
investigation, the records were found to be incomplete and 
were corrected, which resulted in reclcssification of the site. 

Of the 13 disturbed sites, 11 sites had 3 or more saquential 
scrnpling results above the IEEd AL, two sites had 2 results ESCh 
above the AL, and one site had no results above the AL Of the 
16 sites with no known disturbanre, only three sites had any 
results above the IEEd AL In the remaining 3 "indeterminate'' 
sites, 30 of 81 S31Tlple results (37%) were above EPA's IEEd AL 
(Table 2). 

A rerent AWNA publication on the state of water 
infrastructure highlights the nood for major infrcstructure 
work.28 This nro:ss3ry infrastructure work will potentially 
incra:se the incidenre of darraJe to the protectives::ales within 
LSLs cs this work is performed. lne.titably, thEre physical LSL 
disturbances will continue to occur with incra:sed frEquency cs 
part of daily routine water system maintenanre and nonwater 
related community infrastructure work. 

dx.doi.org/10.1021/es40036361 Environ. &:i. TechnoL 2013, 47, 9300-9307 
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Table 2. Lead Results for Disturbed, Undisturbed, and 
Indeterminate Sitesa 

disturbed sites undisturbed sites indeterminate sites 

no. no. no. 
no. no. above no. no. above no. no. above 

sites samples AL sites samples AL sites samples AL 
13 327 117 16 372 6 3 81 30 
% samples over AL: % samples over AL: 2'/o % samples over AL: 

36% 37% 

a Most la3d results c:OOve the AL were found at sites with LSL 
disturtances. Additioral results c:OOve the AL were also found at sites 
where the status of the LSL (disturbed or undisturbed) could not re 
confirmed. Sites without LSL disturtances ha:l few if any results above 
the AL. 

Possible Implications of Water Conservation and Use. 
Information provided by CDWM and voluntrers anecdotally 
St..q:JESts that low water ~ may alro play a role in high lEa:! 
le.tels at rome sites. Of the four locations with the highest 
averqJeiEa:llevels, three (Sites 1, 29, and 10) had documented 
low water l..l!:aJ8. Site 1 had averqJe monthly water ~ of 
3444 gallons (13037 L) which does not appe3r to be low 
~- Howe.ter, information provided by the resident indicates 
that the majority of the monthly water~ occurs during a 
relatively small number of days during the month when there is 
a high volume of water l..l!:aJ8. Site 29 had averqJe monthly 
~ of 1826 gallons (6912 L), and Site 10 had an averqJe 
~ of 1438 gallons/month (5443 Llmonth). For compar
iron, the mean single-family household water usage is 
approximately 8582 gallons/month (32486 L/month), with a 
sizable standard deviation.29 

In two locations (Sites 17 and 5), lEa:! le.tels c:lEcrecsecl with 
an incra:m in water ~- fls water ~ approximately 
doubled at Sites 17 and 5, maximum lEa:! levels from 33Cjuential 
s:rnpling c:lEcrecsecl from 25 to 5.51Jg/L and from 17 to 121Jg/ 
L, respectively. Although this represents a small set ofs:rnples, 
thEre observations support the idEE that higher lEa:! le.tels can 
be a:;sociated with low water ~.30 

Extrapolating from prior rESEErch suggests the flEre)Sity of 
consistent flow to deliver corrosion inhibitor efi::ctively into 
pa:sivating filrns,31 and correlates incra:md inhibitor dosages 
with reduced lEa:! reiEaSe.10

·
32

-
35 Low water l..l!:aJ8 may inhibit 

hEEling of the da"rlq:Jed s:::ales, and influence the rate of galvanic 
corrosion. Water ~ efi::cts cannot be separated from other 
s.:a:onal eficts in this study, but prior literature and the 
combined 33Cjuential graphs showing entire profiles shifted up 
or down from the • .lme to Sapt/Oct s:rnpling suggest further 
investigation is warranted (SI Figures S9 -540). fls conserva
tion efforts incrEaSe, it will become incrEESingly important to 
conduct further rESEErch on the relationship between water 
~ and incra:ses in lEa:! le.tels. 

The results in this study alro indicate that more appropriate 
flushing guidance must be developed, l::a:ed on neighborhood 
and premise plumbing characteristics, and whether a horne ha5 
a LSL or not. Much of the current published and web-l::a:ed 
flushing guidance inadvertently incrEESes the risk of exposure to 
elevated lEa:! levels by ciEEring an insufficient anount of water 
volume.17 Even fully flushing LSLs may only lower lEa:! levels 
to a limiting, mEESUrable lEa:! le.tel, that relates to the 
plurnbo9Jivency of the water, the flow rate, the length and 
internal diameter of the pipe,5 -

7
•
10

•
19.2° and possibly efi::cts of 

prior disturbances (SI Table ST). 
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Risk Identification and Management. RErently, CDC 
issued a hEEith alert cmx;iating hi~her eltvated blood lEa:! 
le.tels with partial LSL replcrnrrent,3 and alro concluded that 
LSLs were an independent risk foctor for elevated blood lEa:! 
le.tels e.ten when IEB:lle.tels in drinking water met the LCR lEa:! 
AL of 0.015 rng/L.37 fls highlighted in this study, LSLs can 
contribute high lEa:! when they are disturbed in many diferent 
ways, not just due to partial LSL replcrnrrent, and water t..1!:aJ8 
may also play a role in the resultant high lEa:! le.tels and 
potential incra:md human exposure. In an August 2012 update 
on lEa:! in drinking water and blood IEB:lle.tels, the CDC notes 
that "Tre rm:nt 1BD Ill B rdaticrs fran tre CDC AdvisJry 
Cmmittre m Childhood LEa:! FbisJning Pramtion to rEdUB or 
eliminate lEad SJUm:s br dlildrm l:efore trey are e<rx;a:d 
ul"ldars:Dre tre rm::l to rEdUB lEad an:mtraticrs in drinking 
water as rn.dl as r:asible'' .38 

fls the ultimate human and environmental hEEith goal, LSLs 
should be completely removed where possible. The stability of 
the protective &:ales within LSLs depends on many foctors 
which can change over time. For exanple, changes to water 
quality or trEEtment have resulted in hi~h lEa:! le.tels over a 
sustained period of time (yEErs).10

·
39 

-
4 Under the current 

regulatory frcm:mork, eltvated lEa:! le.tels from disturbances, 
water quality, trEEtment, or water t..1!:aJ8 changes can potentially 
go undetected for up to 3 yEErs between LCR compliance 
monitoring periods, which can result in incra:md public 
exposure over a significant period of time. 

Proper selection of s:rnpling sites, S311lpling protocol, and 
other site conditions is critical for evaluating the amount of lEa:! 
corrosion and relEaSe that is occurring in the distribution 
system. Suca:ssful optimization of the plurnbo9Jivency trEEt
rnent depends on an accurate understanding of the corrosion 
mechanisms, pipe s:::ale mineralogy and structure, and the 
COn33CJuences of LSL disturbances and water conservation 
efforts. No published studies could be found that systematically 
investigated the tirne and inhibitor doses/water quality 
adjustments na::eE3ry to overcorne the disturbances and 
damage to the lEa:! pipe &:ales that will be routinely occurring 
throughout cities across the U.S., as long as full or partial lEa:! 
service I i nes remain in service. 

Analyse; of the Chicago LSL s:::ales by EPA (to be reported 
els=mhere) revEEI that the surfoce coatings on both lEa:! service 
line and galvanized interior pipes from CDWM are primarily 
composad of amorphous aluminum, calcium, and phosphon.& 
rich deposits, and not crystalline lead(ll) (or zinc)
orthophosphate phaxs that are predicted by conventional 
divalent lEa:! plurnbo9Jivency theory for orthophosphate 
dosing.10

•
33.42 An understanding of the &:ales is ESSential to 

study and implement proooclures and strategies for efictive and 
tirnely repair of the protective s:::ales damaged by LSL 
disturbances, and to minimize the public's exposure to high 
lead levels that can result from damaging the scales. 
Experimental evaluations are critical when s:::ale compositions 
fall outside the s:;ope of well-understood predictive corrosion 
control practices. 

1111111111111111 r,~,,,,A.AJi 
* Supporting Information 

Additional background information, tabular summaries of 
s:rnpling results, and graphics. This material is available free 
of charge via the Internet at http:/ /pubs.acs.org. 
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The Lead and Copper Rule (LCR) is a treatment technique regulation that requires all public 
water systems to optimize corrosion control and utilizes tap sampling for lead and copper to 
determine whether additional actions need to be taken by the system. It is important to note that 
the sampling conducted under the LCR is not designed to evaluate individual consumers' lead 
exposure or risk and that the lead action level (AL) was not established as a health-based 
number. The lead AL is the level which EPA determined in 1991 that systems could feasibly 
meet, taking into account the available treatment technologies and the cost of those treatment 
technologies. The lead AL should not be viewed or used as a threshold value to determine 
whether the water is safe or unsafe to drink, and it should be reiterated that the EPA and CDC 
have determined that there is no safe level of lead exposure (i.e., no level at which there is not an 
adverse effect). 

Tap sampling conducted under the LCR is intended to measure the amount of lead and copper 
corrosion that is occurring in public water systems using worst-case site selection and a specified 
sampling protocol. The sampling protocols in the current LCR were established in 1991, based 
on the existence of many potential sources of lead throughout the water distribution system, 
including lead service lines connecting the water main to the homes, leaded- solder used to join 
copper pipe, and leaded-brass devices, such as meters, brass connectors and shut-off valves, 
faucets and fixtures. The current LCR sampling requirements are prescriptive and based on the 
relative significance of lead sources in 1991. The sequential sampling protocol (described below, 
and in the accompanying paper) that resulted in capturing the highest lead, as well as the sample 
results themselves, are not allowed to be used in the current compliance calculation. 

The LCR utilizes a combination of: worst-case site selection (sites expected to yield the highest 
lead results); sampling protocols used to capture the highest lead; and repeated sampling at the 
same sites in order to measure the level of lead corrosion that is occurring throughout the water 
distribution system. Utilizing this sampling structure allows U.S. EPA to keep the sampling 
burden on public water systems manageable, while still accomplishing the objectives of the 
sampling under the LCR. Absent these key components, the number of samples needed to 
accurately assess system-wide corrosion would necessarily need to increase substantially to 
accomplish the objectives of the LCR. 

The action level for lead is 0.015 mg/L, but is presented here as 15 Jlg/L for the purpose of using 
consistent units for the data. An exceedance of the lead AL based on the sampling triggers 
specific actions that a public water system must undertake to protect public health, such as 
installing or adjusting corrosion control treatment and providing public education. Additionally, 
where the corrosion control treatment has proven ineffective at lowering lead levels below the 
lead AL, the removal of lead service lines is triggered. There are many different corrosion 
mechanisms and factors that govern lead corrosion. The selection of sampling sites, sampling 
protocol, and site conditions are essential components for evaluating the level of corrosion that is 
occurring in the distribution system, regardless of the mechanism(s) or contributing factor(s). It 
is therefore critically important that the sampling protocol accurately portray the level of 
corrosion that is occurring. 
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Lead Service Line and Plumbing Information 

As part of the sampling protocol, residents were asked to provide a plumbing profile (figure S 1 ), 
describing their internal plumbing, and identifying the location of the kitchen tap, and shut-off 
valve/meter. 

Home Plumbing and Service Line Diagrams 
Below there are 4 diagrams for common household plumbing configurations and the 5th diagram is blank. Please 
review the diagrams and select the diagram that best matches the plumbing configuration for your home. Each of 
the diagrams shows where the water service line comes into the home and where the kitchen tap is located. If none 
of the four diagrams matches your home, use the blank diagram (number 5) to draw where the water service line 
comes into your home and where your kitchen tap is located. If you do not know where the service line comes into 
the home, you can note that in your Home Plumbing description below. 

Note: Some homes have water meters and some do not. On the diagrams below, if you do not have a water meter, 
pick the diagram that matches where your service line comes into your home and where the kitchen tap is, and cross 

out the meter symbol 

Home Plumbing Description: In the space below, please describe your home plumbing as best you can, from the 
point at which the water service line comes into your home to the location of your kitchen tap (length of pipe, 
diameter of pipe, pipe material, etc.): 

Figure Sl: Plumbing Profile Diagram 
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Table S 1 contains a summary of the LSL information for each sampling site. Due to the site
specific plumbing characteristics, the liter which first begins to capture LSL water at each site 
was expected to be variable, as was the liter which would begin to collect uncontaminated water 
from the water mains. The study findings regarding whether the current sampling protocol is 
capturing the corrosion that is occurring are not affected by this limitation. 

Site 
LSL Length LSLEnd 

Site 
LSL Length 

LSL End Point ft (meters) Point ft (meters) 
1 89(27.1) BFW 22 65 (19.8) IFW 
3 73 (22.3) IFW 23 66 (20.1) IFW 
4 Unknown Unknown 24 56 (17.1) IFW 
5 80 (24.4) IBW 25 70 (21.3) IFW 
6 60 (18.3) IFW 26 66(20.1) IFW 
7 59+ (18.0+) BFW 27 47+ (14.3+) Unknown 
8 57 (17.4) IFW 28 61+ (18.6+) Unknown 
9 102 (3l.l) BFW 29 159 ( 48.5) BFW 
10 48+ (14.6+) IFW 30 49+ (14.9+) Unknown 
11 50 (15.2) IFW 31 71 + (21.6+) IFW 
12 53 (16.2) IFW 32 43(13.1) IFW 
13 49+ (14.9+) Unknown 33 43+(13.1+) IFW 
17 58+ (17.7+) Unknown 34 Unknown Unknown 
18 76 (23.2) IFW 35 80 (24.4) BFW 
19 63(19.2) IFW 36 110 (33.5) IBW 
21 46 (14.0) IFW 38 51(15.5) IFW 

IFW = LSL ends just inside the front wall 
IBW = LSL ends just inside the back wall 
BFW = LSL ends at an unknown distance beyond the front wall 
+ = Indicates that the LSL was measured from the water main to the front the home, and it 
is not known whether the LSL extends beyond the front wall of the home. 
Table Sl: LSL Lengths- The length of the LSLs for most sites were measured and are presented in this table. The 
LSLs for two sites (site 4 and site 34) were not measured. 

Figure S2: LSL Bulb 
Figure S3: LSL segment (3/4 inch I 1.91 em Figure S4: Severely corroded galvanized 
diameter) iron pipe. 

S4 of42 

Flint FOIA Production 12-120000047 ED_ 000838 _ 00000265-00004 



EPA FOIA Production 12/12/2016 
Flint Water Documents 

Figure S2 shows a typical LSL in Chicago coming up from the foundation of the basement. The lead service line is a 
dull gray and easily scratched with a key. The soft LSL is typically soldered to the interior (household) plumbing, 
leaving a characteristic bulb. The LSL can also be connected to household pipe using a brass compression fitting. 

Figure S3 is a close-up of a 3/4 inch (1.91 em) diameter LSL, showing the thickness of a typical LSL. 

Figure S4 is a cross-section of a severely corroded galvanized pipe from one of the sample sites. In this photograph 
the inner diameter is significantly reduced which affects the volume of water that will flow through the pipe in a set 
amount of time. For homes with corroded galvanized pipe, water will flow slower through the pipe and longer 
flushing times are generally needed to flush the lead from the plumbing. 

City Information 

Samples were collected from 32 single-family homes in Chicago with LSLs. Twenty-three 
homes were in the Jardine Plant service area and nine homes were in the South Plant service 
area. 

Site# Home Built Service Area 
01 1893 Jardine 
03 1960 Jardine 
04 1941 South 
05 1901 South 
06 1953 Jardine 
07 1900 Jardine 
08 1941 Jardine 
09 1920 Jardine 
10 1943 Jardine 
11 1912 Jardine 
12 1952 Jardine 
13 1950 South 
17 1907 Jardine 
18 1953 Jardine 
19 1912 Jardine 
21 1938 Jardine 
22 1924 Jardine 
23 1944 South 
24 1906 Jardine 
25 1917 South 
26 1954 South 
27 1891 Jardine 
28 1932 Jardine 
29 1890 Jardine 
30 1954 South 
31 1923 Jardine 
32 1923 South 
33 1927 Jardine 
34 1915 Jardine 
35 1900 Jardine 
36 1957 South 
38 1927 Jardine 

Figure SS: Home age and plant service areas for sampling locations 
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Table S2 contains a summary of the City's compliance monitoring data for lead. The City 
exceeded the lead AL only once, during the July-December 1992 compliance monitoring period. 

City of Chicago (1992- 2010) 
90th Percentile Lead Values (Jt~/L) 

Monitoring Period Begin Monitoring Period End Number of Samples 90th Percentile Value 

1/1/2008 12/31/2010 50 6 

1/1/2005 12/31/2007 50 6 

1/1/2002 12/31/2004 50 4 

1/1/1999 12/31/2001 50 7 

1/1/1999 12/31/1999 50 8 

1/1/1998 12/31/1998 53 14 

7/1/1997 12/31/1997 100 11 

1/1/1997 6/30/1997 100 10 

1/1/1993 6/30/1993 100 13 

7/1/1992 12/31/1992 120 20 

1/1/1992 6/30/1992 100 10 

Table S2: City of Chicago 90th Percentile Compliance Values (1992- 2010) 

Laboratory and Analytical Information 

All samples were inspected for visible particulates prior to delivery to the laboratory. In light of 
the significant increase in visible particulate in the final round of monitoring, the presence of fine 
particulates that would readily dissolve in the nitric acid preservative should not be discounted. 
Samples collected during the final round of monitoring coincided with the Fire Department's 
annual valve exercising. Colloidal lead may explain some of the variability in lead levels 
between the June and Sept/Oct rounds. 

Laboratory blanks, laboratory fortified blanks and laboratory fortified samples were nm at a 
frequency of at least one per twenty samples. Laboratory blanks run with the samples did not 
have any detections of lead above the reporting limit and all Laboratory fortified blanks and 
laboratory fortified samples had recoveries greater than 90%. 

All laboratory instrumentation was inspected and maintained according to Chicago Regional 
Laboratory maintenance protocols, and calibrated daily according to Chicago Regional 
Laboratory standard operating procedures. 

The Chicago Regional Lab Quality Assurance (QA) Contact performed a data quality assessment 
on the results based on laboratory blanks, laboratory fortified blanks and matrix spikes. The QA 
Contact identified no biases in the sample results due to these quality control measurements. 

Sampling Summaries 

Sample site summary table - A summary table of the types of samples collected at each 
site, for each sampling protocol is presented in Table S3 below. The highlighted rows for Sites 2, 
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14, 15, 16 & 37 were confirmed not to have LSLs and Site 20 is the same residence as Site 21 
(Kitchen tap and bathroom tap). Following the first round of sampling, Site 20 (bathroom tap) 
was no longer sampled, to maintain consistency of using kitchen taps across all sites. Only 
sample results from LSL sites are presented and analyzed in the study paper. The first liter of the 
sequential samples in June and Sept/Oct also serve as the PF first-draw samples. 

Summary of Samples Collected at Each Site 

Site# 
Total# Mar/April June Sept/Oct 

Samples Day 1 Day 2 Day 1 Day 1 Day2 Day3 
01 34 A,C B,D E-12 samples A E-14 samples F,G,H 
02 16 A,C B,D E-12 samples DNS DNS DNS 
03 30 A,C B,D E-12 samples A E-ll samples F,G 
04 16 A,C B,D E-ll samples DNS DNS DNS 
05 28 A,C B,D E-12 samples A E-ll samples DNS 
06 28 A,C B,D E-12 samples A E-ll samples DNS 
07 35 A,C B,D E-12 samples A E-15 samples F,G,H 
08 35 A,C B,D E-12 samples A E-15 samples F,G,H 
09 30 A,C B,D E-12 samples A E-ll samples F,G 
10 34 A,C B,D E-12 samples A E-14 samples F,G,H 
11 30 A,C B,D E-12 samples A E-ll samples F,G 
12 34 A,C B,D E-12 samples A E-14 samples F,G,H 
13 16 A,C B,D DNS A E-ll samples DNS 
14 4 A,C B,D DNS DNS DNS DNS 
15 4 A,C B,D DNS DNS DNS DNS 
16 4 A,C B,D DNS DNS DNS DNS 
17 34 A,C B,D E-12 samples A E-14 samples F,G,H 
18 30 A,C B,D E-12 samples A E-ll samples F,G 
19 27 A,C B,D E-12 samples DNS E-ll samples DNS 
20 4 A,C B,D DNS DNS DNS DNS 
21 28 A,C B,D E-12 samples A E-ll samples DNS 
22 28 A,C B,D E-12 samples A E-ll samples DNS 
23 30 A,C B,D E-12 samples A E-ll samples F,G 
24 33 A,C B,D E-12 samples A E-14 samples F,G 
25 16 A,C B,D E-12 samples DNS DNS DNS 
26 30 A,C B,D E-12 samples A E-ll samples F,G 
27 33 A,C B,D E-12 samples A E-14 samples F,G 
28 30 A,C B,D DNS A E-ll samples F,G 
29 40 A,C B,D E-12 samples A E-20 samples F, G,I 
30 18 A,C B,D DNS A E-ll samples F,G 
31 31 A,C B,D E-12 samples A E-12 samples F,G 
32 28 A,C B,D E-12 samples A E-ll samples DNS 
33 33 A,C B,D E-12 samples A E-14 samples F,G 
34 18 A,C B,D DNS A E-ll samples F,G 
35 30 A,C B,D E-12 samples A E-ll samples F,G 
36 30 A,C B,D E-12 samples A E-ll samples F,G 
37 4 A,C B,D DNS DNS DNS DNS 
38 16 A,C B,D E-12 samples DNS DNS DNS 

A ~ NHU First-draw Sample F ~ 3-minute Flushed Sample 

B ~ PF First-draw Sample G ~ 5-minute Flushed Sample 

C ~ NHU 45-Second Flushed Sample H ~ 7 -minute Flushed Sample 

D ~ PF 45 -Second Flushed Sample I~ 10-minute Flushed Sample 

E ~ Sequential Sample DNS ~ Site did not sample 

Table S3: Smmnary of samples collected at each site usmg each samphng protocol. 
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First-draw and 45-secondjlushed samples- Results for first-draw and 45-second 
flushed samples using the normal household use (NHU) and pre-flushed (PF) sampling protocols 
are presented in Table S4 below. 

In addition to the first-draw samples, a 45-second flush sample was collected by nmning the 
water for 45 seconds immediately following the collection of the NHU first-draw and PF first
draw samples during the March/ April sampling. Overall, the 45-second flush sample results were 
higher than the first-draw results, and yielded a higher percentage of results above the lead AL. 
A total of32 NHU/45-second flushed and 32 PF/45-second flushed samples were collected, with 
6 NHU 45-second flushed results above the lead AL (19%), and 5 PF/45-second flushed results 
above the AL (16%). The total number of 45-second flush sample results above the lead AL was 
11 of 64 (17% ); a percentage significantly higher than the first-draw results (2% ). 

First-draw and 45-second Flushed Sample Lead Results (J.Lg!L) 

B = PF First-draw Sample DNS = Site did not sample 
C = NHU 45-Second Flushed n =number of collected 

Table S4a: First-Draw and 45-Second Flushed Sampling Results. Samples that were above the lead AL are in bold, 
and samples that contained visible particulates are shaded yellow. 
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Summary ofNHU and PF First-Draw Results 
NHU PF PF NHU 

(Mar/Apr) (Mar/Apr) (June) (Sept/Oct) 

8 7 8 10 

32 32 28 29 

0 0 0 2 

PF 
(Sept/Oct) 

9 

30 

1 

Table S4b: Comparison ofLCR-equivalent 90th percentile results using alternative first-draw protocols. 

Sequential sampling results (June 2011)- The sequential sampling approach provided a 
more reliable (volumetric) method for assessing corrosion as compared to a flushed (time-based) 
approach. Attempting to characterize the flow at each site would require an evaluation of the 
plumbing materials and dimensions, as well as the condition of the plumbing materials at each 
site, is not a feasible or reliable protocol for compliance monitoring. 

The results of the each liter in the sequential sampling conducted in June are tabulated below in 
Table S5 by site. 
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Table SS: Smrunary of June Sequential Sampling Results. Samples that were above the lead AL are in bold, and 
samples that contained visible particulates are shaded yellow. 

Sequential Sampling Results (September and October 2011)- The results of the each 
liter in the sequential sampling conducted in September and October are tabulated below in 
Table S6 by site. Considerably more sample results contained visible particulates than in 
previous rounds. The presence of particulates may be a result of the Chicago Fire Department 
exercising valves during the time period when samples were being collected. 

All sites collected at least 11 sequential samples, and some sites with high sample results in June 
collected additional samples. The additional sequential sample results are included here but were 
not included in the data analyses, since extra samples were collected only from sites with high 
lead. A review of the data, including and excluding these additional results was performed to 
ensure that a bias has not been introduced, and the review indicates that the study findings are 
not significantly affected by including or excluding the data. With the additional 39 samples 
included, a total of 80 of 3 58 sample results (22%) exceeded the lead AL. Using only samples 1 
through 11 from each site, a total of 7 5 of 319 sample results (24%) exceeded the lead AL. For 
the purpose of the data analyses, the first liter sample from the sequential samples in June and 
Sept/Oct also serve as the first-draw PF sample. 
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Table S6a: Summary of September /October sequential sampling results used in data analyses. Samples that were 
above the lead AL are in bold, and samples that contained visible particulates are shaded yellow. 
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Site 12 
01 13.9 
03 --
05 --
06 --
07 12.7 
08 12.8 
09 --
10 --
11 --
12 6.98 
13 --
17 2.84 
18 --
19 --
21 --
22 --
23 --
24 12.8 
26 --
27 16.0 
28 --
29 11.1 
30 --
31 4.17 
32 --
33 12.4 
34 --
35 --
36 --

Min 2.84 

Max 16.0 
Ave 10.6 

90th o/oile 13.9 
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Sept/Oct Sequential Sampling Results by Site/Liter (Jtg/L) 
Liter 

13 14 15 16 17 18 
14.1 11.7 -- -- -- --
-- -- -- -- -- --
-- -- -- -- -- --
-- -- -- -- -- --

9.29 6.52 6.03 -- -- --
9.34 7.93 6.27 -- -- --

-- -- -- -- -- --
27.1 21.1 10.7 -- -- --

-- -- -- -- -- --
3.28 2.04 -- -- -- --

-- -- -- -- -- --
2.62 2.59 -- -- -- --

-- -- -- -- -- --
-- -- -- -- -- --
-- -- -- -- -- --
-- -- -- -- -- --
-- -- -- -- -- --

15.3 15.4 -- -- -- --
-- -- -- -- -- --

12.8 9.24 -- -- -- --
-- -- -- -- -- --

10.1 9.21 9.01 9.29 8.99 8.77 
-- -- -- -- -- --
-- -- -- -- -- --
-- -- -- -- -- --

11.5 10.1 -- -- -- --
-- -- -- -- -- --
-- -- -- -- -- --
-- -- -- -- -- --

2.62 2.04 6.03 9.29 8.99 8.77 
27.1 21.1 10.7 9.29 8.99 8.77 
11.5 9.58 8.00 9.29 8.99 8.77 
15.3 15.4 10.7 9.29 8.99 8.77 

19 20 
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --

8.73 8.39 
-- --
-- --
-- --
-- --
-- --
-- --
-- --

8.73 8.39 
8.73 8.39 
8.73 8.39 
8.73 8.39 

Table S6b: Smrunary of Supplemental September/October sequential sampling results not used in data analyses. 
Samples that were above the lead AL are in bold, and samples that contained visible particulates are shaded yellow. 
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Stagnation Times - Volunteers were asked to record the date and time water was last used, and 
the date and time when sampling began for each set of samples. Table S6c is a summary table 
which contains the stagnation times for the sequential samples, which is the amount of time the 
water sat motionless in the household prior to sample collection. 

Sample Collection Stagnation Times 

June Sequential Sept/Oct Sequential 
Sampling Sampling 

Stagnation Stagnation 
Site Time Site Time 

(brs:mins) (brs:mins) 
1 6:32 1 8:04 
3 7:13 3 7:45 
4 7:06 5 7:45 
5 7:00 6 8:00 
6 9:10 7 7:13 
7 7:24 8 6:05 
8 7:35 9 7:20 
9 8:15 10 *** 
10 6:06 11 7:08 
11 7:00 12 6:26 
12 8:06 13 *** 
17 6:25 17 6:55 
18 8:43 18 12:53 
19 6:30 19 *** 
21 6:15 21 6:00 
22 6:20 22 6:15 
23 7:45 23 9:00 
24 8:33 24 7:01 
25 8:32 26 7:00 
26 7:00 27 7:45 
27 7:00 28 8:00 
29 *** 29 *** 
31 7:26 30 10:45 
32 7:13 31 7:30 
33 7:02 32 6:54 
35 7:04 33 9:06 
36 7:45 34 7:05 
38 7:13 35 6:55 

36 8:47 

***Volunteer did not record date/time the water was 
last used, but said it was the day before and was at 
least 6 hours before sampling. 

Table S6c: Smrunary of stagnation times for sequential sampling. 
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Seasonal Variability- Table S6d contains a site by site comparison oflead concentrations. 

Seasonal Variability (Spring vs. Fall & Summervs. Fall) 

First-Draw NHU 
Sept/Oct> 

First-Draw PF 
Sept/Oct> Sequential Sept/Oct> 

Mar/Apr Mar/Apr Samples June 
No. ofSample 

28 
No. of Sample 

29 
No. ofSample 

285 
Pairs Pairs Pairs 
No. Higher in 

19 
No. Higher in 

20 
No. Higher in 

156 
Sept/Oct Sept/Oct Sept/Oct 
%Higher in 

68% 
%Higher in 

69% 
%Higher in 

55% 
Sept/Oct Sept/Oct Sept/Oct 
First-Draw Samples: Mar/Apr vs. Sept/Oct (Same Site, Same First-Draw Protocol Compared) 
Sequential Samples: June vs. Sept/Oct (Same Site/Same Liter Compared) 

Table S6d: Seasonal variability effects observed. 

Flushed sample results - The results of the flushed samples collected in September and October 
are tabulated in Table S7 by site. Most sites collected a 3 minute and 5 minute flushed sample. 
Some sites collected a 3, 5, and 7 minute flushed sample; and one site (site 29) collected a 3, 5, 
and 10 minute flushed sample, due to the length of the service line (159ft I 48.5 m). 

A flushed sample is collected by fully opening the sample tap and letting the water run for at 
least five minutes prior to a minimum 6 hour stagnation period. The date and time of the PF was 
recorded. After the minimum 6 hour stagnation period, and immediately before beginning the 
flushed sample collection, the date and time were again recorded and used as the start of 
sampling. The 3, 5, 7 and 10 minutes are measured from that start time, and water was not turned 
off between samples. For sequential sampling and flushed samples, the water was not turned off 
between samples. 

EPA's current Public Notification Handbook includes instructions that advise residents to run the 
water between 30 and 45 seconds before collecting water for consumption if the water has not 
been used for an extended period of time. Running the water (flushing) for 45 seconds resulted 
in high lead levels at the tap for some sites. The flushed sampling results in this study indicate 
that EPA should develop a more appropriate flushing guidance, based on whether a home has a 
LSL or not, and the length of the LSL. 

For homes with long LSLs, such as Site 29 (159ft I 48.5 m), flushing may not be a practical way 
to reduce lead levels, as lead levels did not decline any further following 3, 5 and 10 minutes of 
flushing. In the case of site 29, residents would likely have a minimum of approximately 8 to 
11 Jlg/L of lead in the drinking water for all water consumed, and should consider installing a 
water filter or using bottled water for drinking and cooking. 
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Flushed Sample Summary Table (pg/L) 
Mar/Apr2011 Mar/Apr2011 Sept/Oct2011 Sept/Oct 2011 Sept/Oct 2011 Sept/Oct 2011 

Site NHU 45sec PF 45sec 3min Smin 7min lOmin 
01 11.3 11.9 6.48 6.97 
03 12.0 6.71 3.78 2.93 
04 6.76 2.56 
05 13.2 14.1 
06 1.90 2.13 
07 15.3 24.9 5.49 5.46 5.32 
08 32.2 28.0 8.25 5.54 5.71 
09 15.9 17.7 14.3 7.23 
10 25.0 21.6 4.95 4.30 4.09 
11 4.13 5.30 1 75 1.69 
12 17.2 5.45 1 78 1.45 1.33 
13 3.50 2.94 
17 4.00 3.70 2.88 2.76 2.86 
18 9.57 12.4 4.15 3.71 
19 4.69 8.27 
20 2.80 2.54 
21 6.87 13.8 
22 9.19 7.93 
23 13.1 11.5 5.64 
24 6.10 4.98 6.38 
25 3.75 ND 
26 3.02 3.45 5.06 3.23 
27 4.53 3.76 15.0 14.1 
28 4.99 4.70 4.82 3.26 
29 13.5 28.6 11.9 10.9 10.8 
30 12.5 6.52 5.80 4.82 
31 3.16 12.3 3.78 3.76 
32 2.29 7.82 
33 16.4 14.0 4.40 4.06 
34 1.51 3.30 1.83 1.75 
35 5.28 10.5 5.53 4.03 
36 111 8.76 7.19 5.29 
38 1.60 2.30 

NHU 45sec Samples were collected following the collection of the First-Draw NHU samples by running the water 
for45 seconds following the collectionofthe First-Draw NHU sample. 

PF 45sec Samples were collected following the collection of the First-Draw PF samples by running the water for 45 
seconds following the collection of the First-Draw PF sample. 

3min, 5min, 7min, and lOmin flushed samples were collected after pre-flushing the tap for at least 5 minutes prior to 
the minimmn 6 hour stagnation time during which no water was used in the home. Following the stagnation period 
and prior to sample collection, residents flushed the tap for 3 min to collect the 3min sample, and then an additional 
2min for the 5min sample or 4min for the 7min sample. One site (site 29) had the longest lead service line so this 
site collected a 3 min, 5 min and lOmin flushed sample (water was flushed for an additional 5 minutes following the 
collection of the 5min sample to collect the 10 min flushed sample). Water was not turned off in between samples to 
avoid the water hatruner effect. Residents were instructed to have the bottles ready to insert under the faucet at the 

time. 

Site 20 and Site 21 are the same residence. Site 20 was the upstairs bathroom and Site 21 was the kitchen sink. Note 
that neither the 45sec NHU nor PF samples from the upstairs tap captured any LSL water, while at least one of the 
kitchen tap smnples did. 

Table S7: Smrunary table of flushed sample results. Samples that were above the lead AL are in bold, and smnples 
that contained visible particulates are shaded yellow. 
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Classification of Disturbed LSL Sites - A summary of the classification of each site as 
"disturbed", "undisturbed", or "indeterminate" is presented in Table S8, along with the number 
of samples collected per site and the number and percentage of sample results above the lead 
action level. The results from the "disturbed" and "undisturbed" sites are consistent with other 
research efforts showing that LSL disturbances result in higher lead levels [1-

31 . 

Disturbed, Undisturbed and Indeterminate Site Summary 

Disturbed 
Total #Samples 

Undisturbed 
Total #Samples 

Indeterminate 
Total #Samples 

Sites 
Samples AboveAL 

Sites 
Samples aboveAL 

Sites 
Samples aboveAL 

Collected (Disturbed) Collected (Undisturbed) Collected (Indeterminate) 
01 27 16 03 27 4 12 27 17 
05 27 2 04 14 0 21 27 7 
07 27 11 06 27 0 33 27 6 
08 27 19 11 27 0 --- --- ---
09 27 15 13 15 0 --- --- ---
10 27 15 18 27 0 --- --- ---
17 27 3 19 27 0 --- --- ---
27 27 5 22 27 0 --- --- ---
28 15 0 23 27 0 --- --- ---
29 27 15 24 27 0 --- --- ---
30 15 4 25 14 0 --- --- ---
31 27 10 26 27 0 --- --- ---
35 27 2 32 27 2 --- --- ---
--- --- --- 34 15 0 --- --- ---
--- --- --- 36 27 0 --- --- ---
--- --- --- 38 16 0 --- --- ---

Totals 327 117 Totals 371 6 Totals 81 30 
% of samples above AL: 36% % of samples above AL: 2% % of samples above AL: 37% 

Table S8: Smmnary Table of Disturbed, Undisturbed and Indeterminate Sites, with the number and percentages of 
sample results above the lead AL for each site and each grouping. 

Many direct LSL disturbances are localized to a specific segment of the LSL, and yet some sites 
have higher lead levels in sample liters over a significant portion of the LSL, not just in the 
immediate area of the LSL that was disturbed. A probable reason is that, except for the initial 
liter of water, each subsequent one-liter sample reflects both lead levels within the segment of 
the plumbing where the water stagnated as well as a contribution from the rest of the plumbing 
the water travelled through. For example, the fifth liter of water collected from a kitchen tap will 
not only capture the lead from the segment of LSL where the water stagnated, but it will also 
collect contributions from the plumbing downstream as the water passes through the remaining 
LSL and internal plumbing on the way to the kitchen tap. If the sample results only represented 
the portion of the plumbing where the water stagnated, it would be expected that a variety of 
metals would be found in the initial liters due to the presence of a variety of metallic plumbing 
materials and components, but only lead should be found in the LSL samples. In this study, a 
variety of metals was detected even in samples that represented LSL samples (Figure S6). 

Specifically, for Site 9, information provided by the resident indicated that the internal pipe from 
the LSL to the kitchen tap was galvanized iron pipe. This was confirmed by the co-occurrence of 
higher levels of zinc and iron within the first liter of water in figure S6. There were no copper 
pipes in the home, so the presence of the copper is indicative of brass components (faucet, 
connectors, shut-offvalve(s), and the water meter). Trace amounts of iron, zinc and copper are 
captured in the later liter samples as the water flows through the internal plumbing en route to 
the kitchen tap, along with traces of iron, potentially from the water main. It can reasonably be 
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assumed that the same phenomenon occurred for lead. Disturbed areas of the LSL have damaged 
scale, which can expose water passing through them to fresh lead. Therefore, lead measured in 
any sample upstream of the damaged area may include lead contributions from the damaged 
area. 

Sample location: Site 9 (June Sequential Sampling) 

•Lead Zinc 

2.5 90 

80 

20 70 

60 
15 

so 
u 
c 

40 r:::i 
10 

30 

.5 20 

10 

0 0 

1 2 3 4 .5 6 7 8 9 10 11 12 

Figure S6: The LSL at Site 9 measures approximately 102 ft (31.1 m) from the water main to the meter. From the 
meter, there is approximately 13.5 ft ( 4.1 m) of 1 inch (2.54 em) galvanized pipe to the kitchen tap. 

Variability of lead levels in City B- A second city, City B, exceeded the lead AL during 
the July-Dec 2010 monitoring period, and was required to comply with the LSL replacement 
requirements in the LCR. Table S9 contains the compliance monitoring history for City B. 

Monitoring Period Monitoring Period Number of Lead 901
n Percentile 

Begin Date End Date Samples Value (~g/1) 
7/1/2011 12/31/2011 101 12 
1/1/2011 6/30/2011 130 14 
7/1/2010 12/31/2010 105 23 
1/1/2009 12/31/2009 51 15 
1/1/2008 12/31/2008 58 14 
1/1/2007 12/31/2007 50 11 
1/1/2006 12/31/2006 60 14 
1/1/2005 12/31/2005 54 13 
1/1/2004 6/30/2004 104 12 
7/1/2003 12/31/2003 108 12 
1/1/2002 12/31/2004 50 15 
1/1/1999 12/31/1999 55 14 
1/1/1998 12/31/1998 50 6 
1/1/1997 12/31/1997 50 7 
7/1/1996 12/31/1996 50 15 
1/1/1996 6/30/1996 50 15 
7/1/1992 12/31/1992 50 15 
1/1/1992 6/30/1992 50 21 

Table S9: City B 90th percentile compliance values (1992- 2012). Samples that were above the lead AL are in bold. 
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The sampling instructions presented in Figure S7 are in accordance with the LCR, and were used 
to collect the LSL samples in City B, which has approximately 25,000 LSLs. 

Instructions for Lead Sample Collection 

1 Make sure the faucet used for 

device. 
z At make sure the rnu ... wu'" 

undisturbed for a 

collection 

11 No faucets in the house are 
11 The toilet is not flushed 

• The water Is not run for an lee maker. 

3 When you are to collect the <:::~m,n•~>~ 

Make sure the is taken before any other water is used. 

" the collection container. 

• Turn on the cold water. 
11 Allow the water to run until there a ~•arutlr·::~nt 

• Fill the container to the shoulder. 

• Do not rinse the bottle out. 
11 capthe 

4 Fill out the enclosed chain of 

S Fold and secure the chain 

container. 

container. 

form and survey. 

Place the container outside where it was·delivered. 

remains 

shower and sinks. 

•:• A utilities up the container. No one will enter your home. The 

must be left outside to be up. 

Figure S7: LSL sampling instructions provided by City B to residents. 

The sampling protocol used for collecting LSL samples ("allow the water to run until there is a 
significant change in temperature") can result in some sample results reflecting lead levels from 
internal plumbing rather than from within the LSLs. 

The results from City B are presented below in Figure S8. Similar to the results presented for the 
study of Chicago, City B 's results show significant variability in LSL lead levels across the 
system. Following the 2010 lead AL exceedance, the City B took 1,975 LSL samples, with a 
total of 1,762 results (89%) below the lead ALand 213 results (11 %) above the lead AL. LSL 
results above the AL were significantly variable, ranging from 16 Jlg!L to 580 Jlg/L with a large 
number of sample results in exceedance of 50 Jlg!L. 
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Lead Service Line Results Above AL - City B 
until Si~>nit;ir::aJnt 

1 
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,..; N 

of LSL Lead Values 

Figure S8: Range of lead values for City B LSL sampling results 
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Sequential Sampling Summary Graphs-The headers are color-coded based on whether 
the site has a disturbed LSL (red) or an undisturbed LSL (green). Sites for which this could not 
be determined (indeterminate sites) are color-coded orange. Water usage information is listed for 
each site. The samples which contained visible particulates are highlighted yellow, and the 
results that are above the lead AL are in bold text in the data tables. For sites that conducted 
sequential sampling in both June and Sept/Oct, the sequential sampling profiles were generally 
consistent during both sampling periods (see Figures S9- S40). 
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i 15.0 
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Sitel -June 

1 2 .':\ 4 5 6 7 8 9 10 11 1l B 14 

Disturbance( s ): Water meter installed in 20 I 0 
ApproximateLSL Length: 89ft (27.1 m) 
AveMonthlyWaterUse: 3,444gal.(l3,037 L) 

Figure S9: Sequential Lead Results- Sample Site #I (June and Sept/Oct) 
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20.0 

< 15.0 
011 

-= f. 10.0 
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0.0 
1 2 .':\ 4 

Disturbance(s): No known disturbance 
ApproximateLSL Length: 73ft (22.3 m) 
Ave Monthly Water Use: Not metered 

5 

Figure SlO: Sequential Lead Results- Sample Site #3 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: Unknown 
Ave Monthly Water Use: Not metered 

Figure Sll: Sequential Lead Results- Sample Site #4 (June) 

Site4 -June 

SiteS -June 

1 l 4 5 

Disturbance( s ): Water meter installed in 20 II 
ApproximateLSL Length: 80ft (24.4 m) 
Ave Monthly Water Use: 10,400 gal. (39,368 L) 

Figure S12: Sequential Lead Results- Sample Site #5 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 60ft (18.3 m) 
Ave Monthly Water Use: Not metered 

5 

Figure S13: Sequential Lead Results- Sample Site #6 (June and Sept/Oct) 
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Disturbance(s): Street excavation, potential installation of Cu whip at service connection in 2008 
ApproximateLSL Length: 59+ ft (18.0+ m) 
Ave Monthly Water Use: Not metered 

Figure S14: Sequential Lead Results- Sample Site #7 (June and Sept/Oct) 
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Site 8 

1 2 .3 4 5 6 7 8 9 

Disturbance( s ): Leak in parkway, repaired roundway in 2005. 
ApproximateLSL Length: 57ft (17.4 m) 
Ave Monthly Water Use: Not metered 

Figure S15: Sequential Lead Results- Sample Site #8 (June and Sept/Oct) 
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< 15.0 
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Disturbance(s): Water meter installed in 2008. 
ApproximateLSL Length: 102 ft(3U m) 

Site9 

6 7 

-June 

10 11 12 B 14 15 

-June 

-------- -------- "·------

8 9 10 11 12 

Ave Monthly Water Use: 3,190 (12,075 L)- In Sept 20ll, usage was 24,000 gaL (90,850 L) due to 
hose left running for one or more days. In calculating the overall average, the Sept 20 I 0 value of 
8,000 gaL (30,283 L) was also used for Sept 2011 instead of the 24,000 gaL (90,850 L) value. 

Figure S16: Sequential Lead Results- Sample Site #9 (June and Sept/Oct) 
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Site 10 -June 

1 2 .':\ 4 5 6 7 8 9 10 11 12 B 14 15 

Disturbance(s): Service leak repair, water meter installed in 2009. 
ApproximateLSL Length: 48+ ft (14.6 m) 
Ave Monthly Water Use: 1,826 gal. (6,912 L) 

Figure S17: Sequential Lead Results- Sample Site #10 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 50ft (15.2 m) 
Ave Monthly Water Use: Not metered 

5 

Figure S18: Sequential Lead Results- Sample Site #II (June and Sept/Oct) 
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Disturbance( s ): Indeterminate 
ApproximateLSL Length: 53 (16.2 m) 
Ave Monthly Water Use: Not metered 

Site 12 

5 6 7 

Figure S19: Sequential Lead Results- Sample Site #12 (June and Sept/Oct) 

Disturbance(s): No known disturbance 
ApproximateLSL Length: 49+ ft (4.9 m) 
Ave Monthly Water Use: Not metered 

Figure S20: Sequential Lead Results- Sample Site #13 (Sept/Oct) 
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Site 17 
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Disturbance(s): Meter replacement in 2008. 
ApproximateLSL Length: 58+ ft (17.7+ m) 
Ave Monthly Water Use: 9,772 gaL (36,991 m) 

Figure S21: Sequential Lead Results- Sample Site #17 (June and Sept/Oct) 
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Disturbance(s): No known distutbance 
ApproximateLSL Length: 76ft (23.2 m) 
Ave Monthly Water Use: Not metered 

5 

Figure S22: Sequential Lead Results- Sample Site #18 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 63ft (19.2 m) 
Ave Monthly Water Use: Not metered 
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Figure S23: Sequential Lead Results- Sample Site #19 (June and Sept/Oct) 
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Disturbance( s ): Indeterminate 
ApproximateLSL Length: 46ft (14.0 m) 
Ave Monthly Water Use: Not metered 
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Figure S24: Sequential Lead Results- Sample Site #21 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 65ft (19.8 m) 
Ave Monthly Water Use: Not metered 

Site 22 
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Figure S25: Sequential Lead Results- Sample Site #22 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 66ft (20.1 m) 
Ave Monthly Water Use: Not metered 

Site 23 
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Figure S26: Sequential Lead Results- Sample Site #23 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 56ft (17.1 m) 
Ave Monthly Water Use: Not metered 
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Figure S27: Sequential Lead Results- Sample Site #24 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 70ft (21.3 m) 
Ave Monthly Water Use: Not metered 

Site 25 
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Figure S28: Sequential Lead Results- Sample Site #25 (June and Sept/Oct) 
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Site 26 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 66ft (20.1 m) 
Ave Monthly Water Use: Not metered 

Figure S29: Sequential Lead Results- Sample Site #26 (June and Sept/Oct) 
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Disturbance(s): Meter replacement in 2010. 
ApproximateLSL Length: 47+ ft (14.3 m) 
Ave Monthly Water Use: 4267 gaL (16,152 L) 

Figure S30: Sequential Lead Results- Sample Site #27 (June and Sept/Oct) 
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4 

Disturbance(s): Meter replacement in 2009. 
ApproximateLSL Length: 61+ ft (18.6+ m) 
Ave Monthly Water Use: 4273 gal. (16,175 L) 

Figure S31: Sequential Lead Results- Sample Site #28 (Sept/Oct) 
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Disturbance(s): Probable Approximate LSL leak repair, meter installed in 2010. 
ApproximateLSL Length: 159ft (48.5 m) 
Ave Monthly Water Use: 1,438 gal. (5,443 L) 

Figure S32: Sequential Lead Results- Sample Site #29 (June and Sept/Oct) 
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Site 30 

Disturbance(s): Broken water main in 2000, sidewalk replaced & street re-surfacing. 
ApproximateLSL Length: 49+ ft (14.9 m) 
Ave Monthly Water Use: Not metered 

Figure S33: Sequential Lead Results- Sample Site #30 (Sept/Oct) 
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Disturbance( s ): Approximate LSL leak repair in 20 I 0. 
ApproximateLSL Length: 7l+ft(2l.6+m) 
Ave Monthly Water Use: Not metered 

Figure S34: Sequential Lead Results- Sample Site #31 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 43 ft(l3.l m) 
Ave Monthly Water Use: Not metered 
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Figure S35: Sequential Lead Results- Sample Site #32 (June and Sept/Oct) 
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Disturbance( s ): Indeterminate 
ApproximateLSL Length: 43+ ft (13.1 m) 
Ave Monthly Water Use: Not metered 
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Figure S36: Sequential Lead Results- Sample Site #33 (June and Sept/Oct) 
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Site34 

1 2 3 4 .s 6 

Disturbance(s): No known disturbance 
ApproximateLSL Length: Unknown 
Ave Monthly Water Use: Not metered 

Figure S37: Sequential Lead Results- Sample Site #34 (Sept/Oct) 
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Disturbance( s ): Meter installed in Aug 2011 (between June and Sept/Oct sampling). 
ApproximateLSL Length: 80ft (24.4 m) 
Ave Monthly Water Use: 4,667 gaL (17,667 L)- Data available only for Aug-Oct 2011 

Figure S38: Sequential Lead Results- Sample Site #35 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 83+ ft (25.3 m) 
Ave Monthly Water Use: Not metered 
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Figure S39: Sequential Lead Results- Sample Site #36 (June and Sept/Oct) 
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Disturbance( s ): No known disturbance 
ApproximateLSL Length: 51 ft(l5.5 m) 
Ave Monthly Water Use: Not metered 

Figure S40: Sequential Lead Results- Sample Site #38 (June) 
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Sampling collection and reporting instructions and forms 
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-------- ' ------- '··----------

7 3 9 10 11 12 

7 3 9 10 11 12 

March/April sampling- The sampling instructions and forms below were used in the 
March/ April sampling. Sampling was scheduled to conclude in March, but the sampling ran into 
April. As a result of the instructions below, some volunteers sampled one day at the kitchen tap 
and one day at the bathroom tap. The intent was to have all samples collected from the same tap, 
so volunteers that split the samples were asked to collect replacement samples so that a complete 
set of four samples was collected at the same tap. We chose the kitchen tap, and all samples 
collected thereafter were also collected at the kitchen tap. In addition, the 45-second flushed 
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sampling protocol was not used after the March/ April sampling due to the complication with 
corroded galvanized pipe. 

You will be taking a total of 8 samples for this study. One set of 4 samples will be taken in March 2011 and one set 
of 4 samples (using the same instructions) will be taken in August 2011. 

General Instructions for all four samples of a set 
Sample # 1 and Sample #2 must be collected one after another on the same day. 
Sample #3 and Sample #4 must also be collected one after another on the same day, and within the same week as 
Sample #1 and Sample #2. 

All samples should be collected from taps that are generally used by your household for drinking water. Do not 
collect samples from a taps that have not been used within the last 24 hours. Use a kitchen or bathroom cold-water 
faucet for your sampling. 

Do not collect samples from a tap that has a water filter or is connected to a water softener. If you have a water 
softener or water filter on your kitchen tap, collect your sample from a bathroom tap that is not attached to the water 
softener or water 

Collecting Sample # 1: The first sample is to be collected after water throughout the household has not been used 
for a minimum of 6 hours (example: midnight to 6am). During these 6 hours, do not flush toilets, shower, or run 
water from other faucets. The best time to collect samples is either: 
1) First thing in the morning, before any water is used in the household; or 2) Immediately upon returning from 

work, and prior to using any water, as long as water has not been used in the household during the day. 

1. When you are ready to collect your first sample, use the sample bottle labeled 'Sample # 1 '. 
2. Do not run any water from the tap before collecting the first sample. 
3. Place the opened sample bottle below the faucet and gently open the cold water tap. 
4. Fill the sample bottle as you would normally fill a glass of water for drinking, up to the neck of the bottle (see 

and turn off the water. the bottle. 

Important: Please make sure you use the bottle labeled 'Sample #2' (or your second sample' 

Collecting Sample #2: This sample is to be collected from the same faucet as Sample #1, immediately after 
collecting Sample #1. 

l. 45 Shut off the water and 
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sample bottle (labeled Sample #2) below the faucet and gently open the cold water tap. 
2. Fill the sample bottle as you would normally fill a glass of water for drinking, up to the neck of the bottle (see 

Dhl)to:graons on first and tum off the water. the bottle. 

Important: Please make sure you use the bottle labeled 'Sample #3' (Or your third sample! 

Collecting Sample #3: Collect on a different day in the same week as Samples #1 & #2. 

1. Before letting the water sit for a minimum of 6 hours, run the water from the faucet for 5 minutes at a high rate, 
and then do not use any water in the household for at least 6 hours after that (Example: Run the water for 5 
minutes at midnight before going to bed, and then do not use any water in the household until collecting the 
third sample at 6 am the following morning). 

2. Do not run any more water from the tap before collecting the third sample. Place the opened sample bottle 
below the faucet and gently open the cold water tap. 

3. Fill the sample bottle as you would normally fill a glass of water for drinking, up to the neck of the bottle (see 
Dhl)to:graohs on first and tum off the water. the bottle. 

Collecting Sample #4: This sample is to be collected from the same faucet as Sample #3. 

1. Immediately after collecting Sample #3, run the water for 45 seconds. Shut off the water, and place the opened 
sample bottle (labeled Sample #4) below the faucet and gently open the cold water tap. 

2. Fill the sample bottle as you would normally fill a glass of water for drinking, up to the neck of the bottle (see 
on first and tum off the water. the bottle. 

Figure S41: March/April sampling instructions. 
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Sample ID (from Sample Bottle #1): _____ _ Date/time Sample #1 was collected: 

Volunteer ID: Sampling Location: Kitchen Faucet D Bathroom Faucet D 

Date/time the water was last used in household before collecting Sample #1: 

\Vas sample #1 collected from a faucet that has a water softener or water filter? YesD NoD 

Sample ID (from Sample Bottle #2): _____ _ Date/time Sample #2 was collected: 

Volunteer ID: Sampling Location: Kitchen Faucet D Bathroom Faucet D 

Date/time the water was last used in household before collecting Sample #2: 

\Vas Sample #2 collected from the same faucet as Sample #1: YesD NoD 

Sample ID (from Sample Bottle #3): _____ _ Date/time Sample #3 was collected: 

Volunteer ID: Sampling Location: Kitchen Faucet D Bathroom Faucet D 

Date/time the faucet was flushed before collecting Sample #3: ______________ _ 

\Vas sample #3 collected from a faucet that has a water softener or water filter? YesD NoD 

Sample ID (from Sample Bottle #4): _____ _ Date/time Sample #4 was collected: 

Volunteer ID: Sampling Location: Kitchen Faucet D Bathroom Faucet D 

Date/time the faucet was flushed before collecting Sample #4: ______________ _ 

\Vas Sample #4 collected from the same faucet as Sample #3: YesD NoD 

Have there been any plumbing repairs or plumbing work done within the household during the last six months (including installation of 
new faucets)? Yes D No D 

If yes, explain briefly (Example- 'New faucet installed one week ago'): 

FOR EPA USE: Samples received by---------- Date/Time: 

Samples transferred to Region 5 Laboratory by---------- Date/Time: ---------

Volunteer Certification: I have read the sampling instructions and have collected the samples in accordance with the 
instructions provided. 

OR __________________________ _ 
Signature/Date Volunteer ID/Date 

Figure S42: March/ April sample collection and reporting form. 
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Sequential Sampling Instructions for June- The sampling instructions and forms below were used 
in the June sequential sampling. 

Sequential Sampling Instructions 
Please read all instructions before beginning your sampling 

General Information 
•Use only the kitchen faucet for all of these samples. 

•Use only cold water and open the cold water tap all the way when filling the bottles. 

•Fill each bottle to the top of the label on the sample bottle. 

Sam~ling Instructions 
•The night before sampling (right before everyone goes to bed) run the water from the kitchen tap for at least 5 
minutes. Write down the date/time you finished running the water on the form on the back side of this page. 

•The water must sit motionless in the home plumbing for at least 6 hours before collecting the samples so do not use 
water in the home after you finished running the water and until all samples are collected the following morning. 
Showering, flushing toilets, or other water use will affect the sampling results. It may help to tape a sign in the 
kitchen and bathrooms with a reminder not to use the water, in case people forget. 

• The bottles are numbered, and it is very important to collect them in order (Sample 1 first, Sample 2 second, etc.). 

• In the morning, when you are ready to sample, place the open bottles in order by sample number. You will be 
collecting the samples without shutting off the water in between samples, so you should remove the caps from all 
bottles so that you have all of the bottles ready to fill. You can put the caps on after all samples have been collected. 
Try not to let any water spill in between samples. 

•Write down the date/time right before you sample on the form on the back side of this page. 

•Begin by placing the Sample 1 bottle under the faucet and open the cold water slowly until the faucet is fully open. 
While one bottle is filling, grab the next bottle so that you are ready to move it under the faucet quickly. 

•Once the bottle is filled to the top of the label, quickly place the Sample 2 bottle under the faucet, and continue until 
you have filled all sample bottles. 

Sequential Sampling- Sample Collection and Reporting Form 
Volunteer ID: 

Sampling Information 
Date/time the wate1· was last used in household (the night before collecting the samples): -
Date/Time Volunteer Began Collecting Samples: 
Were All Samples Collected from the Kitchen Tap? Yes D NoD 

FOR EPA USE: Samples received by Date/Time: 
Samples transferred to Region 5 Laboratory by Date/Time: 

EPA Use: Visible Particulate in any samples? YesD NoD 
If Yes -List Samples With Particulate 

Volunteer Certification: I have read the sampling instructions and have collected the samples in accordance with 
the instructions provided. 

----------------------------------------- OR ______________________________ _ 
Signature/Date Volunteer ID/Date 

Figure S43: June sampling instructions and sample collection and reporting form. 
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Sampling instructions for September/October - In the final round of sampling, the number and 
type of samples was customized to each site and sites collected 3 days of sampling. The 
instructions below were for a site collecting one NHU First-draw sample, 11 sequential samples 
and a 2 flushed samples. Some sites collected additional sequential samples and some collected 3 
flushed samples instead of two. 

Sampling Instructions 
Please read all instructions before you start sampling. 

General Information 
Use only the kitchen faucet for all of these samples. 
Use only cold water. 
Open the cold water tap all the way when filling the bottles. 

u Fill each bottle to the top of the label on the sample bottle. 
Sampling Instructions 

There are three different sets of samples for you to collect (Sample Set #1, #2 and #3). 
Each set will be taken on a different day. (The three sampling sets do not have to be taken on three days in 
a row.) 

U A section of the reporting form (attached) needs to be filled in for each day of sampling. 
A) Sample Set #1 (1 bottle, Blue Label) 
1. The water must sit motionless in the home plumbing for at least 6 hours before collecting the sample. Typically, 
the night before taking the sample, make sure that no one uses water in the home until you collect the sample from 
the kitchen the following morning. 

2. In the morning, when you are ready to sample, write down the date/time on the attached form. 

3. Fill up the bottle with the BLUE LABEL. That's it for collecting the first sample set. 
B) Sample Set #2 "Sequential Sampling" (11 bottles, WHITE LABELS) 
1. The night before sampling (right before everyone goes to bed) run the water from the kitchen tap for at least 5 
minutes. Write down the date/time you finished nmning the water on the form. After nmning the water for 5 
minutes, it should sit motionless in the home plumbing for at least 6 hours. 

2. In the morning, your first water usage should be collecting eleven samples in a row (one after another). Use the 
bottles with the WHITE LABELS. The samples should be collected without shutting off the water in between 
samples. To do this, remove the caps from all eleven bottles before you tum on the water. 

3. Place the eleven open bottles in order by sample nmnber before you start collecting the samples Try not to waste 
water in between the samples. You can put the caps on after all 11 samples have been collected. The bottles are 
numbered Seq 01, to Seq 1l.lt is very important to collect the samples in order (Seq 01 first, Seq 02 second, 
etc.). 

4. Use the attached reporting fonn to note the date and time that you started taking the sample set. 
C) Sample Set #3 (2 Bottles, GREEN LABEL and YELLOW LABEL) 
1. The night before sampling (right before everyone goes to bed) run the water from the kitchen tap for at least 5 
minutes. Write down the date/time you fmished nmning the water on the form. After nmning the water for 5 
minutes, it should sit motionless in the home plumbing for at least 6 hours. 

2. In the morning, when you are ready to sample, write down the date/time on the attached reporting form. 

3. Run the water for 3 minutes, then collect a sample in the jar with the GREEN LABEL. Continue to let the water 
run for an additional2 minutes (for a total of 5 minutes), and collect the final sample in the bottle with the 
YELLOW LABEL. 

Figure S44: Sept/Oct sampling instructions. 
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Sample Collection and Reporting- Sampling set # 1 (Blue label) 
Volunteer ID: 

Sampling Information 

Date/time the water was last used in household (the night before collecting the samples): 

Date/Time Volunteer Began Collecting Samples: 

Were All Samples Collected from the Kitchen Tap? Yes D NoD 

FOR EPA USE: Samples received by Date/Time: 

Samples transferred to Region 5 Laboratory by Date/Time: 

EPA Use: Visible Particulate in any samples? YesD NoD 
If Yes -List Samples With Particulate 

-

Sample Collection and Reporting- Sampling set# 2 (11 samples, White labels) 
Volunteer ID: 

Sampling Information 

Date/time the water was last used in household (the night before collecting the samples): 

Date/Time Volunteer Began Collecting Samples: 

Were All Samples Collected from the Kitchen Tap? Yes D NoD 

FOR EPA USE: Samples received by Date/Time: 

Samples transferred to Region 5 Laboratory by Date/Time: 

EPA Use: Visible Particulate in any samples? YesD NoD 
If Yes -List Samples With Particulate 

Sample Collection and Reporting- Sampling set# 3 (Green and Yellow labels) 
Volunteer ID: 

Sampling Information 

Date/time the water was last used in household (the night before collecting the samples): 

Date/Time Volunteer Began Collecting Samples: 

We1·e All Samples Collected from the Kitchen Tap? Yes D NoD 

FOR EPA USE: Samples received by Date/Time: 

Samples transferred to Region 5 Laboratory by Date/Time: 

EPA Use: Visible Particulate in any samples? YesD NoD 
If Yes -List Samples With Particulate 

Volunteer Certification: I have read the sampling instructions and have collected the samples in accordance with 
the instructions provided. 

Signature/Date 

OR __________________________ __ 

Volunteer ID/Date 

Figure S45: Sept/Oct sample collection and reporting form. 
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Work on water mains, water meters linked to high lead levels- chicagotribune.com 
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Work on water mains, water meters linked to high lead levels- chicagotribune.com 

street work or plumbing repairs, according to a new 

federal study that suggests the city's aggressive efforts to 

modernize its water system could inadvertently pose 

health risks. 

The problem starts with lead service lines that Chicago 

installed across the city until the mid-1980s to connect 

water mains with homes. Researchers at the U.S. 

Environmental Protection Agency found that spikes of 

lead can leach into tap water when those pipes are altered 

by water main replacements, meter installations or street 

work. 

Wall Chart 

Free wall chart - pipe 
color coding standards 
set by ANSI and ASME 

High levels can be found in tap water for years afterward, the EPA study found, raising 

concerns that other cities with lead pipes conld face similar problems. 

Most homeowners likely are unaware they could be drinking tainted water. Under federal 

rules, utilities rarely are required to warn residents that work is being done or tell them they 

can take steps to reduce their exposure to lead. A potent neurotoxin, lead can damage the 

brains of young children, lower IQ and trigger learning disabilities, aggression and criminal 

behavior later in life. 

Lead is so hazardous that the EPA and the Centers for Disease Control and Prevention say 

there is no safe level of exposure. The metal has been phased out of gasoline, removed from 

paint and banned in children's toys. But the widespread use oflead pipes during the last 

century has left a festering problem nationwide. 

"We owe it to people to tell them that their water might not be safe to drink," said Marc 

Edwards, a professor of civil and environmental engineering at Virginia Tech University who 

wasn't involved with the EPA study but has reached similar conclusions in his own research. 

The comes as Mayor Rahm Emanuel pushes to speed up the replacement of 

aging water mains and increase the number of water meters installed citywide - two 

activities that EPA researchers found to be linked to high amounts of lead in tap water. 

Lead levels exceeded federal standards at all but one of 13 Chicago homes tested where the 

service line had been physically disturbed between 2005 and 2011, according to results 

published last month in the peer-reviewed journal Environmental Science & Technology. 

At 16 other homes where there was no known disturbance of the service line, only three had 

high lead levels. 

The study also found that normal federal testing procedures would not have detected most 

of these spikes, a problem the Tribune described in a 2011 story based on preliminary data. 

Under the EPA's current testing protocol, only the first liter of water that flows out of a 

household faucet is checked, but the researchers took multiple consecutive samples. 

Their testing showed that lead levels exceeded the federal limit of 15 parts per billion at 15 of 

29 homes used in the study, but only one home showed high levels in the first liter of water 

drawn. The high levels didn't taper off until the 12th liter drawn from the taps, according to 

the researchers. Clearing pipes of that much water requires a continuous flow for up to five 

minutes, they said. 

In response to the research, the city in July started advising residents to flush their pipes 

after a water main has been replaced on their street. "We're trying to be proactive," said 

Andrea Putz, a research specialist at the Chicago Department of Water Management. 

The city's warning, which appears at the end of a packet of information handed out by work 

crews, says opening all household taps for three to five minutes will remove "any lead 

particulates that may have come loose from your property's service line as a result of the 
water main replacement." 

http://www.chicagotribune.com/news/local/ct-met-lead-in-water-20130925,0,5598309,full.story[9/25/2013 8:27:03 AM] 
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But the EPA says it is important for households with lead service lines to flush their pipes 

for several minutes any time household water hasn't been used for several hours -not just 

one time after a repair. 

Two simple ways to do that are to take a shower or do a load of laundry. Then, before 

drawing water to drink or to prepare baby formula, the tap should be flushed for another 35 

to 45 seconds to clear any remaining water sitting in the home's pipes, according to 

Some household devices can filter out lead. 

devices on its website under the heading "Consumer Resources." 

Tinka Hyde, director of the water division in the EPA's Chicago office, said the study could 

influence a long-running debate about the Lead and Copper Rule, a 1991 regulation that by 

many accounts fails to adequately protect Americans from the harmful effects of lead in 

water. 

Chicago has a sprawling network of pipes laid before the harmful effects of lead were fully 

accepted. The city's building code required lead service lines as recently as 1986. Yet 

Chicago has not recorded a violation of the Lead and Copper Rule for nearly 20 years. Nor 

have most other cities. 

Under the rule's testing protocols, cities aren't required to take action unless water in more 

than 10 percent of the homes tested have lead levels exceeding 15 parts per billion, a limit 

that wasn't based on science about lead hazards but rather was considered cost-effective for 

water utilities to meet. 

Water rarely contains lead when it leaves treatment plants, but under certain conditions the 

metal can leach into water while it sits in or flows through pipes and taps. Pipes and faucets 

inside homes also can contain lead, as can solder and brass plumbing devices. 

Treatment plants add orthophosphate and other chemicals to form a white coating inside 

pipes that can prevent lead from leaching into the water. But street work and plumbing 

repairs can interfere with those protective measures. 

Soon after becoming mayor, Emanuel won approval for a series of water rate increases to 

replace leaky pipes that in many cases are decades old. About 75 miles of new water mains 

are expected to be laid this year, up from 30 in 2010, according to city records. The city also 

plans to install12,000 new meters this year to encourage residents to save water. But such 

fixes generally leave in place the lead service pipes that often connect water mains with 

homes. 

Scores of other cities are embarking on similar efforts to overhaul aging water systems, a 

task the American Water Works Association estimates could cost at least $1 trillion 

nationwide during the next quarter-century. 

The EPA study is part of growing amount of research suggesting that the work, while much

needed to stem leaks and conserve water, could have unintended consequences. 

One of the challenges for regulators is finding solutions that are broadly effective. Water 

from two homes on the same block could have widely different lead levels depending on the 

type of service lines, the amount oflead in brass plumbing fittings and the extent of repair 

work. 

"There is no magic bullet," said Putz, the city water specialist. "Everybody's plumbing is 

different, and that can have a big effect on lead levels." 

City officials who assisted the EPA in its research plan to conduct their own study, testing 

lead levels in more than two dozen homes before and after water main replacements and 

http://www.chicagotribune.com/news/local/ct-met-lead-in-water-20130925,0,5598309,full.story[9/25/2013 8:27:03 AM] 
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meter installations, Putz said. 

The presence of so many lead service lines across Chicago and other cities remains a 

concern. So does the staggering cost to eliminate the health risks. 

"It's so huge that utilities and the states don't want to talk about it unless there are federal 

funds to fix it," said Bruce Lanphear, a noted lead expert at Simon Fraser University in 

Vancouver, British Columbia, who served on an EPA scientific advisory panel that studied 

the issue. "But if we don't start to do something, we're sacrificing another generation of 

children to the hazards of lead." 

Twitter @scribeguy 
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Background. Most IEEd in drinking water comes from 
premisa plumbing materials and IEEd sarvire lines (LSLs). LSLs 
are generally the largest sourre of lEa:! in drinking water when 
they are prES:lnt in public water systems.1 The 1986 83fe 
Drinking water Act Amendments banned new lEa:! pipes in the 
potable water network, but a legocy of millions of partial or 
whole LSLs remains in many public water systems.2 Where the 
term "lEa:! corrosion" is U93d, it refers to the corrosion of lEa:! 
plumbing materials that result in the transfer of dissolved or 
particulate lEa:! into the drinking water. 

The LEa:! and Copper Rule (LCR) sanpling is intended to 
rra:EUre the lEa:! le.tels in drinking water to cm:ss the 
efi:cti\1811Effi of corrosion control trEEtment utilized by public 
water systems (P/11'2£,) to minimize lEa:! in drinking water. 
P/11'2£, are required to usa sanpling sites that are presumed to 
be the highest-risk sites for IEEd rela:se, and to optimize 
corrosion control to minimize lEa:! levels at consumers' taps. 
Most published sanpling studies typically focus on systems 
having high IEEd levels or systems that have experienced 
challenges in attempting to balanre LCR complianre with 
various other trEEtrnent or water quality objECtives. Exoept for 
LCR compl ianre data, I itt le published data exists or is available 
for systems that are considered to be operating with optimal 
corrosion control and meeting the lEa:! action level (AL) in the 
LCR This study focuses on a system that is considered to have 
optimized corrosion control using a blended phosphate, with a 
relatively stable water quality, and complianre results 
historically well below the lood AL. This situation is 
reprES:lntative of a large percentage of systems sarving 
100,000 or more people that utilize orthophosphate or blended 
phosphates for corrosion control and the vast majority of 

This article not subject to U.S Copyright. 
Published 2013 by the American Chemical 
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systems are meeting the lEa:! AL t:a::ecl on the current S31llpling 
protocol in the LCR. Additional information on the LCR and 
study is available in the Supporting Information (SI ). This 
study fOCU93d on whether (1) the current LCR complianre 
sanpling protocol adequately captures the pEEk lEa:! levels in a 
water system; (2) "preflushing" (PF) results in capturing lower 
lEa:! le.tels in sanples compared to S31llples collECted under 
normal household ~ (NHU) conditions; (3) a first-draw 
sanpling protocol appropriately determines the adequacy of 
optimal lEa:! corrosion control in water systems with LSLs; and 
(4) there is93ESOnal variability in thesanpling results using the 
difurent sanpling protocols. 

System Information. The Chicqp Department of water 
Management (CDWM) operates two similar conventional 
surfcm water filtration trEEtment plants sarving approximately 
5.4 million residents, including th093 in 125 suburbs. Lake 
Michigan is the sole water sourre, with relatively stable water 
quality looving the trEEtment plants and in the distribution 
system (Table 1). Before the LCR, CDWM utilized pH/ 
alkalinity adjustment for corrosion control. CDWM switched to 
a proprietary blended phosphate at both plants between 1993 
and 1994 which is still U93d as the primary corrosion control 
trEEtment. 

The LCR requires public water systems to collECt lEa:! 
sanples using a first-draw (FD) S31llpling protocol, andS31llples 
were collECted almost exclusively from single-fanily homes with 
LSLs as required by the LCR sanple site saiECtion require-
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Table 1. Water Quality Data 2011 

outlets distribution 

parameter min max min max 

temp (°C) 4 24 5 23 
turbidity (NTU) 0.1 0.2 0.1 0.4 
pH 7.5 7.8 7.7 7.8 
Cl2 residual (mg/L) 1.0 1.2 0.7 0.9 
total alkalinity (mg/L as CaC03) 103 108 98 108 
chloride (CI, mg/L) 16 20 17 20 
sulfate (mg/L) 29 31 29 30 

Ca (mg/L) 34 39 34 39 

P04 (mg/L) 0.4 0.6 0.5 0.5 
total P04 (mg/L) 0.8 1.1 0.8 1.2 

AI (119/L) 34 126 29 113 

Fe (119/L) <5 <5 <5 34 

Mn (119/L) <3 <3 <3 <3 

ments.3 8ince the initial LCR monitoring, Chicago has 
exoea::led the IEEd AL only once, during .lily- Doo3mber 
1992, with an averqJe OOth percentile compliance monitoring 
value between 1999 and 2010 of 6 iJQ/L (81 Table 82).3 

The LCR requirES 1-L, FD tap S311lpiES of water that has 
stood motionlESS in the plumbing system (i.e., has st<{lnated 
within the plumbing) for at least 6 h. The two variants of the 
FD scmpling protocol currently used by public water system; 
are defined herein as the NHU first-draw scmple, where water 
is used in a normal household manner, and then allowed to sit 
motionlESS in the plumbing for at least 6 h before the scmple is 
collected; and the PF first-draw S311lple, where the water is run 
from the S311lpling tap for a specified crnount of time 
immediately prior to the st<{lnation period. Howe.ter, the 
LCR dOES not provide specific details on water t..re during the 
st<{lnation period. 

Almost all p.,r.,f'2£, in the U.S. rely on rESidents to collect 
compliance scmpiES under the LCR and there are difurenCES 
ocrOffi the U.S. in how system; instruct rESidents not to t..re the 
water during the st<{lnation period prior to collecting the 
scmple. A re.tiew of example sats of scmpling instructions 
provided to rESidents by large p.,r.,f'2£, in the U.S. found that 
some are instructed not to t..re any water fran the tap to te 
scmpiEd during thest<{lnation period. Others are instructed not 
to t..re any waler in the ha..f£:tnld. Prior to 2009, CDWM used 
the PF first-draw scmpling protocol, with a 5-min preflush 
preceding st<{lnation. Recent instructions to rESidents included 
not using water from the scmpling tap or from any 1163rby tap 
until the (poststC{Ination) scmpiES were collected, and to 
collect scmpiESassoon as PQffiible after the minimum required 
6-h st<{lnation period. RegardlESS of the scmpling protocol, 
rESident-collected S311lpiES necessitate the t..re of simple 
instructions and make it diffcult to ensure strict adherence to 
any S311lpling protocol. In addition, the diversa premisa 
plumbing materials and configurations (81 Table 81) represent 
varying eft:cts of flow ratES, hydraulic flow charocteristi<S, and 
PQffiible IEEd sorption/particle rela:m ett:cts on the shapES of 
the IEEd ,grofiiES, particularly with corroded galvaniZEd pipe 
locations. ·5 

1111111111111111 

Sampling Objectives and Protocol. 8ince the promul
gation of the LCR, new rES:Erch on IEEd corrosion has shown 
that there are many rn:dlanisrrs and water quality foctors 
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involved.1
•
4

•
6

-
11 Specifically, theS311lpling protocolsUS8d in this 

study were evaluated to determine if 

preflushing biESES rESUlts; 
first-draw scmpiES, with or without preflushing, capture 
the "worst-ca:e" level of IEEd corrosion under normal t..re 

conditions; and 
s:asonal variability att:cts IEEd concentrations (in this 
water system). 

Consistent with the LCR requirements and CDWM 
compliance scmpling, scmpiES for this study were collected 
by voluntrer rESidents from 32 single-fa'nily rESidenCES, built 
between 1890 and 1960, with LSLs. An additional 5 horn:s 
were S311lpled and determined not to have LSLs, and were 
therefore excluded from further S311lpling. All rESUlts are 
included in the Supporting Information, but the non-LSL sitES 
were not US8d in the data analysis (81 TabiESS4a, 85, S6a, S3b, 
and ST). 

Information was requESted on the specific plumbing 
configurations of a:£h scmpling site to a much grEEter extent 
than the regulatory requirements which simply require the 
plumbing material to be identified. This information, along with 
analyse; conducted for IEEd, copper, iron, and zinc for a:£h 
scmple, focilitated a better understanding of the ob93rved water 
IEEd levels. RESidents were asked to (1) complete a plumbing 
profile identifying the kitchen tap and meter or internal shut-off 
valve, and (2) dEScribe the internal plumbing, including any 
recent plumbing work (81 Figure 81 ). The information 
provided by rESidents along with the rESUlts of the four metals 
provided additional information on the saquencES of plumbing 
materials, and the presance of in-line brass plumbing 
components. CDWM provided the locations of water mains, 
sarvice line materials, work conducted by the city at a:£h 
rESidence (meter installation or repair, shut-off valve repair/ 
replocement, sarvice line 1631< repair, street excavation), and 
monthly water t..re data for rESidenCES with water meters. The 
information provided by CDWM on water main locations was 
used to rn:asure the distance from the water main to a:£h 
rESidence, and internal plumbing information provided by 
rESidents was used along with the rn=:asured length from the 
water main to the rESidence to approximate the L8L length (81 
Table 81). 

RESidents were provided with written S311lpling and reporting 
instructions for a:£h S311lpling event (81 FigurES S41-S45). 
One-liter, high-density pol)€thylene (HOPE), wide-mouth (5.5 
em, 2.2 in.) scmple bottlES were US8d to collect all S311lpiES. 
RESidents were instructed not to remove oorators prior to 
scmpling and not to collect S311lpiES after point-of-t..re or point
of-entry trEEtment deviCES. 

Several prior studiES have suggESted that significant 
contributions of particulate-a;sociated IEEd can be mobiliZEd 
cs a function of flow rate and turbulence in certain water 
chemistriES, though studiES have not developed predictive 
relationship; to premisa plumbing material, s::ale composition, 
and hydraulic flow charocteristi<S.6·

10 
-

15 To try to achieve the 
most C{!QrESSive high flow conditions under rEEiistic field 
conditions, rESidents were instructed to collect all scmpiES by 
slowly opening the cold water kitchen tap until fully open. 
Upon receipt, the S311lpiES were inspected by EPA for visible 
particulate matter prior to delivery to the laboratory. 

For all first-draw S311lpiES, rESidents were instructed not to 
t..re any water throughout the household (i.e., no showering, 
washing clothES/dishES, flushing toilets, etc.) during the 

dx.doi.org/10.1021/es40036361 Environ. &:i. Technol. 2013, 47, 9300-9307 

ED_000838_00000374-00002 



EPA FOIA Production 12/12/2016 
Flint Water Documents 

First Draw and 45-Second Flushed Samples 
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Figure 1. First round IEa:l rESUlts for all sites. 

---------------- ----·· -----· --· ----

minimum mandatory 6-h stq]nation period. In this study, PF 
s:rnples include a flush of at lEaSt 5 min prior to the mandatory 
minimum 6-h stq]nation period. A NHU s:rnple had no 
preflushing prior to the mandatory minimumstq]nation period. 
Residents were instructed to allow the water to sit motionlESS 
in the hm.rehold plumbing a minimum of 6 h, but not more 
than 24 h, and to record the dates/times the taps were flushed 
prior to the stq]nation period, and the dates/times S3111ples 
were collected following the stq]nation period. First-draw 
s:rnples using both variants (NHU and PF) were collected in 
the first and third rounds of monitoring in March/April and 
Septernber/Octooor, respectively. Additionally, 45-s flushed 
s:rnples were collected in the first round to e.raluate whether a 
s:rond-draw s:rnple more a::curately captured the le.tel of 
corrosion. Three-min, 5-min, and 7-min flushed s:rnples were 
collected in the third round of S3111pling to provide guidanre to 
voluntoors when high lEal le.tels were found (SI Table ST). 
This information can also oo used to provide site-specific 
guidanre on minimum flushing times nea:ssary to redure 
consumer exposure to lEal in drinking water. 

In the first round of s:rnpl ing, a:rll resident collected a N H U 
first-draw S3111ple and then a s:rond-draw ( 45-s flushed) s:rnple 
after allowing the water to run for 45 s. On the s:rond day, 
residents collected a PF first-draw s:rnple and then a s:rond 
45-s flushed sam~le. EPA's current Public Notification 
Handbook advis:s1 residents to run the water 30 s or until 
it turns cold before consuming, if the water has not boon used 
for an unspecified "extended period of time", which can result 
in higher lEal levels at the tap for consumers. It has also boon 
pre.tiously demonstrated that in some situations, this advire can 
caLm residents to consume the worst-cere water sitting 
stq]nant in the LSL.17 (Figure 1) 

Sites 14, 15, 16, and 37 were verified as not having LSLs and 
were excluded from further S3111pling. Site 2 was verified as not 
having a LSL following the June SEquential S3111pling and was 
excluded from the final round of monitoring. The 45-s flushed 
s:rnpling was dis::ontinued following the March/ April S3111pling 
first round due to the prES311re of reverely corroded galvani2ed 
pipe in some of the residenres (SI Figure S4) which reduced 
the inner pipe diareter, restricting water flow and resulting in 
varying volumes of water flowing through the plumbing for the 
same flush time. 

In June 2011 , a:£h resident collected a total of twelve PF 
SEquential S3111ples in one day of s:rnpling. The first PF 
SEquential S3111ple was also the PF first-draw s:rnple for the data 
analysis. All S3111ples were analyzed for lEal, copper, zinc, and 
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iron. The co-occurrenre of the metals, along with plumbing 
details, was used in qualitative c:m:ss11ents to correlate lEal 
results with potential soura:s of lEal in the plumbing network 
(SI Figure 93).4•

10 

In September I Octooor 2011 , a:rll resident collected a N H U 
first-draw S3111ple, and a minimum of 11 PF SEquential 1-L 
s:rnples. Sites with high lEal levels in the pre.tious rounds 
collected an additional 3 or 4 PF SEquential s:rnples, and one 
site with a very long LSL (159ft, 48 m) collected an additional 
9 PF SEquential S3111ples. The additional PF se:quential S3111ples 
were collected to determine the point at which lEal levels 
consistently dropped oolow the AL. All S3111ples collected are 
included in the S3111pling summary with the numrers and types 
of s:rnples collected at a:£h site (SI Table 83). 

Most stq]nation times were relatively consistent ocrOffi most 
sites at ootwoon 6 and 8.5 h, and all but two sites had stC{!nation 
times ootwoon 6 and 9 h 10 min, which focilitated unadjusted 
comparisons (SI Table 93c). 

Additional flushed S3111ples were collected in September/ 
Octooor for high lEal sites in order to provide residents with 
guidanre on minimizing lEal le.tels in their drinking water. 
Recommended minimum flushing times were then estimated 
based on the lEal levels and LSL lengths. ThEse results are 
included in the&lpporting Information, but not dis:;ussed here. 

Sample Analyses. All S3111ples were visually inspected for 
particulate matter prior to delivery to the EPA Chicago 
Regional Laboratory. 83mples were pre:erved upon rEreipt by 
the laboratory using concentrated nitric ocid to pH <2 and held 
for a minimum of 24 h prior to analysis.18 The laboratory's 
Reporting Limits (RL) for lEal, copper, and zinc in drinking 
water s:rnples, using EPA Method 200.8, are 0.5, 1, and 10 IJg/ 
L, respectively. The laboratory's RL for iron in drinking water 
s:rnples, using EPA Method 200.7, is 80 IJg/L. Additional 
laboratory information is included in the Supporting 
Information. 

1111111111111111 

Both Variants of the First-Draw Protocol Significantly 
Underestimated Peak Lead Levels, and the NHU First
Draw Protocol Yielded Higher Results Overall than the 
PF First-Draw Protocol. The 90th percentile lEal values for 
all three rounds of first-draw S3111pling using both variants were 
slightly higher than Chicago's historical complianre results, but 
still fell well oolow the lEal AL (SI TableS4b). Only 2% of the 
total numrer of first-draw S3111ples (3 of 151) exreeded the AL 
de;pite the pre:enre of lEal le.tels well above the lEal oction 

dx.doi.org/10.1021/es40036361 Environ. &:i. Technol. 2013, 47, 9300-9307 
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Comparison of System 90th Percentile Compliance Data with 
Sequential Sampling 90th Percentile and Maximum Values 
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Figure 2. Comparison of 90th r;ercentile LCR compliance data to 90th r;ercentile values from LSL s:mples (ocro:s sites by liter) and rrnximum 
values from LSLs. The green dashed line indicates the avercge 90th r;ercentile compliance monitoring value for Chiccgo between 1999 and 2010 of 6 
J-lg/L 

LSL Values by Site 
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Figure 3. LSL results were highly varicble within a:d1 LSL and from site to site. Error tars represent 1 standard deviation. 
-·---- ·---··--······-·-·--·-·-··-----···--···--·---·-------····--------------

le.tel within the s:lrvire lines as indicated by the 45-s flushed 
rESUlts in the first round of monitoring and SEquential S31llpling 
rESUlts in the SErond and third rounds. 

In contrast, if the 90th perrentile value of a:dl of the 
suro:ssive se:quential liter S31llples from the LSL.s is computed 
ocross all scrnpling sites, the lead levels were up to four times 
higher than ChicqJo's average 90th perrentile value using FD 
scrnples. Some pESk values for a:dl SEquential liter calculated 
ocross all scrnpling sites were over twire the lead ALand up to 
six times higher than the regulatory complianre data (Figure 2). 
In sumrrnry, 69 of 336 (21%) of the individual SEquential 
scrnples collected in June and 75 of 319 (24%) of SEquential 
samples in September/October exreeded the lead AL, 
indicating that current scrnpling protocols will often consid
erably underestimate the pESk lead le.telsand overall mobilized 
rre;s of waterborne lead in a system with lead s:lrvire lines. 

The NHU results were nui'TBrically higher overall than the 
corresponding PF values for most sites, but the diterences were 
not statistically significant. The PF first-draw protocol produced 
lower individual results than NHU first-draw protocol in 23 of 
32 scrnple pairs in March/April, and 20 of 27 scrnple r:airs in 
Sapt/Oct (SI Table S4a). Although NHU first-draw S31llples 
were collected without directing the residents to flush the tap 
prior to the stagnation period, NHU can involve showering, 
washing dishes, or doing laundry a short tii'TB prior to the 
stagnation period, which could clear the lead from the pipes 
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similar to preflushing the tap. Thus a NHU scrnple can be 
etectively the S8I'TB as a PF scrnple and yield similar results. 
Sinre the se:quential S31llpling results from thes:l S8I'TB sites 
show that there is much higher lead pre;ent within the LSL at 
the S8I'TB tii'TB that the NHU and PF first-draw scrnples were 
collected, it stands to ra:son that if the NHU octivitieswere not 
undertaken, and a larger scrnple s:lt were Us:ld, the NHU 
scrnples would yield results that were statistically higher than 
the corresponding PF scrnples. The distanre from the kitchen 
tap to the bEginning of the LSL wa:; highly variable, ranging 
from approximately 3 to 87 feet (0.9 to 27 m), and the 
rn=:asured LSL lengths ranged from 43 to 159 feet ( 13 to 48 m). 
Conse:quently, for sites with shorter total plumbing lengths, the 
initial and final SEquential S31llples would include relatively 
uncontaninated water from the water main following the 5-min 
tap preflushing. Thes:l S31llples would contain little to no LSL 
lead contribution, consistent with plumbosolvency and radial 
diffusion/flow principles.5•

19
•
20 A targeted LSL S31llpling 

protocol isolating only LSL contoct water would likely yield a 
higher perrentage of rESUlts above the lead AL for systems with 
Pb( II) pipe s::ale chemistry, but the specific location of the peak 
lead levels will nocess3rily vary with premis:l plumbing 
configurations. 

Seasonal Variability. In a site-by-site comr:arison, lead 
concentrations were higher in Sapt/Oct than in Mar/Apr or 
June, with the starkest statistical diterenre between first-draw 

dx.doi.org/10.1021/es40036361 Environ. &:i. TechnoL 2013, 47, 9300· 9307 
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Disturbed and Undisturbed Average LSL Values 

by Site 
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Figure 4. Avera:Ja lead le.tels at disturb:d and undisturb:d sits Error tars repre::ent 1 standard deviation. 
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NHU S31Tlplescollected in Mar/April and Sapt/Oct (p = 0.03 
for two-tailed paired Student's t-test). Overall, 68%and 69'/oof 
NHU and PF first-clratv scrnples, respectively, were higher in 
Sapt/Oct than in Mar/Apr, while 55% of paired saquential 
scrnples were higher in Sept/Oct than in • .lme. SEasonal 
variation in IEEd le.tels consists of multiple contributing foctors 
from the sourre water through the prernire plumbing which 
could not be precirely isolated in this study, but the results in 
this study are consistent with other findings on sa:sonal 
variability (SI Table S6d).21 Factors include (1) water 
temperature, (2) water chemistry variation, and (3) fluctuations 
in water~ for Sapt/Oct versus • .lme, which could incra:se 
or decra:se IEEd le.tels.22

•
23 

Lead Concentrations Vary Throughout Each Individ
ual LSL and among Different LSLs Across the System. 
There was a high degree of variability in saquential scrnple 
results at most sites, some of which could include a particulate
bound component cs reflected in spikes in some saquential 
scrnpling results (SI Figures S9-S40). For most sites, no 
individual scrnple result from within the LSL can chara:ieri:ze 
the IEEd conrentrations at the site. Within the complete 
scrnpling profile results, IEEd levels at most sites ranged from 
well below to well above the AL (Figure 3). Under the LCR, 
this would rn:m that a system would rn:et the action le.tel and 
have no additional regulatory rEquirements or would 6<cred the 
AL and be required to implement additional requirements, 
depending on which scrnple result is selected as the complianre 
scrnple. The variability within sites and betwEen sites is similar 
in trend to that found in several other studies reporting 
saquential S31Tlpling conducted in water systems with difffent 
corrosion control strategies and chemistries from 
CDWM.1,4,10,12,14,15,24 -21 

Additional complianre data from a recond large utility (City 
B) which 6<creded the IEEd AL and conducted scrnpling usi~ 
the temperature change LSL scrnpling protocol in the LCR, 
yielded similar variability acra;s the system (SI Figure S8 and 
Table S9). A total of 1975 LSL sites were S31Tlpled, with 1762 
results (89'/o) below the IEEd AL; 128 results (6.5%) from 16 to 
30 IJg/L; 57 results (2.8%) from 31 to 50 IJg/L; and 28 results 
(1.4%) betwren 51 and 580 IJg/L This LSL S31Tlpling protocol 
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is similarly vulnerable to low bicses, although many results were 
considerably higher than the AL (SI Figure 88). 

Factors Affecting Lead Levels. The majority of high IEEd 
results occurred at sites with a documented physical 
disturbanre of the LSL betwren 2005 and 2011 (Figure 4). 
The octual ooent to which the LSL was physically disturbed is 
unknown for all sites, and the records of disturbances are l:esEd 
on information provided by CDWM and by the S31Tlpling 
voluntoors (SI FiguresS9-S40). 

For the purpore of this study a physical LSL disturbanre is 
defined cs a meter installation or replocement, autorneter
reader (AMR) installation, rervire line look repair, ooernal 
rervire shut-off valve repair or replocement, or significant street 
6<cavation directly in front of the horne that could disturb the 
LSL An "undisturbed" site is an unrnetered site where neither 
the CDWM nor resident have a record or recollection of any 
disturbanre, cs defined above. A third category, "indetermi
nate'', is ured for throo sites where CDWM has no record of any 
LSL disturbanre, and the resident did not provide a response cs 
to whether there has boon any LSL disturbanre. Cra;s.checking 
was important becaure information provided by volunteers in 
some ccses contradicted CDWM records, and upon further 
investigation, the records were found to be incomplete and 
were corrected, which resulted in reclcssification of the site. 

Of the 13 disturbed sites, 11 sites had 3 or more saquential 
scrnpling results above the IEEd AL, two sites had 2 results ESCh 
above the AL, and one site had no results above the AL Of the 
16 sites with no known disturbanre, only three sites had any 
results above the IEEd AL In the remaining 3 "indeterminate'' 
sites, 30 of 81 S31Tlple results (37%) were above EPA's IEEd AL 
(Table 2). 

A rerent AWNA publication on the state of water 
infrastructure highlights the nood for major infrcstructure 
work.28 This nro:ss3ry infrastructure work will potentially 
incra:se the incidenre of darraJe to the protectives::ales within 
LSLs cs this work is performed. lne.titably, thEre physical LSL 
disturbances will continue to occur with incra:sed frEquency cs 
part of daily routine water system maintenanre and nonwater 
related community infrastructure work. 

dx.doi.org/10.1021/es40036361 Environ. &:i. TechnoL 2013, 47, 9300-9307 
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Table 2. Lead Results for Disturbed, Undisturbed, and 
Indeterminate Sitesa 

disturbed sites undisturbed sites indeterminate sites 

no. no. no. 
no. no. above no. no. above no. no. above 

sites samples AL sites samples AL sites samples AL 
13 327 117 16 372 6 3 81 30 
% samples over AL: % samples over AL: 2'/o % samples over AL: 

36% 37% 

a Most la3d results c:OOve the AL were found at sites with LSL 
disturtances. Additioral results c:OOve the AL were also found at sites 
where the status of the LSL (disturbed or undisturbed) could not re 
confirmed. Sites without LSL disturtances ha:l few if any results above 
the AL. 

Possible Implications of Water Conservation and Use. 
Information provided by CDWM and voluntrers anecdotally 
St..q:JESts that low water ~ may alro play a role in high lEa:! 
le.tels at rome sites. Of the four locations with the highest 
averqJeiEa:llevels, three (Sites 1, 29, and 10) had documented 
low water l..l!:aJ8. Site 1 had averqJe monthly water ~ of 
3444 gallons (13037 L) which does not appe3r to be low 
~- Howe.ter, information provided by the resident indicates 
that the majority of the monthly water~ occurs during a 
relatively small number of days during the month when there is 
a high volume of water l..l!:aJ8. Site 29 had averqJe monthly 
~ of 1826 gallons (6912 L), and Site 10 had an averqJe 
~ of 1438 gallons/month (5443 Llmonth). For compar
iron, the mean single-family household water usage is 
approximately 8582 gallons/month (32486 L/month), with a 
sizable standard deviation.29 

In two locations (Sites 17 and 5), lEa:! le.tels c:lEcrecsecl with 
an incra:m in water ~- fls water ~ approximately 
doubled at Sites 17 and 5, maximum lEa:! levels from 33Cjuential 
s:rnpling c:lEcrecsecl from 25 to 5.51Jg/L and from 17 to 121Jg/ 
L, respectively. Although this represents a small set ofs:rnples, 
thEre observations support the idEE that higher lEa:! le.tels can 
be a:;sociated with low water ~.30 

Extrapolating from prior rESEErch suggests the flEre)Sity of 
consistent flow to deliver corrosion inhibitor efi::ctively into 
pa:sivating filrns,31 and correlates incra:md inhibitor dosages 
with reduced lEa:! reiEaSe.10

·
32

-
35 Low water l..l!:aJ8 may inhibit 

hEEling of the da"rlq:Jed s:::ales, and influence the rate of galvanic 
corrosion. Water ~ efi::cts cannot be separated from other 
s.:a:onal eficts in this study, but prior literature and the 
combined 33Cjuential graphs showing entire profiles shifted up 
or down from the • .lme to Sapt/Oct s:rnpling suggest further 
investigation is warranted (SI Figures S9 -540). fls conserva
tion efforts incrEaSe, it will become incrEESingly important to 
conduct further rESEErch on the relationship between water 
~ and incra:ses in lEa:! le.tels. 

The results in this study alro indicate that more appropriate 
flushing guidance must be developed, l::a:ed on neighborhood 
and premise plumbing characteristics, and whether a horne ha5 
a LSL or not. Much of the current published and web-l::a:ed 
flushing guidance inadvertently incrEESes the risk of exposure to 
elevated lEa:! levels by ciEEring an insufficient anount of water 
volume.17 Even fully flushing LSLs may only lower lEa:! levels 
to a limiting, mEESUrable lEa:! le.tel, that relates to the 
plurnbo9Jivency of the water, the flow rate, the length and 
internal diameter of the pipe,5 -

7
•
10

•
19.2° and possibly efi::cts of 

prior disturbances (SI Table ST). 
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Risk Identification and Management. RErently, CDC 
issued a hEEith alert cmx;iating hi~her eltvated blood lEa:! 
le.tels with partial LSL replcrnrrent,3 and alro concluded that 
LSLs were an independent risk foctor for elevated blood lEa:! 
le.tels e.ten when IEB:lle.tels in drinking water met the LCR lEa:! 
AL of 0.015 rng/L.37 fls highlighted in this study, LSLs can 
contribute high lEa:! when they are disturbed in many diferent 
ways, not just due to partial LSL replcrnrrent, and water t..1!:aJ8 
may also play a role in the resultant high lEa:! le.tels and 
potential incra:md human exposure. In an August 2012 update 
on lEa:! in drinking water and blood IEB:lle.tels, the CDC notes 
that "Tre rm:nt 1BD Ill B rdaticrs fran tre CDC AdvisJry 
Cmmittre m Childhood LEa:! FbisJning Pramtion to rEdUB or 
eliminate lEad SJUm:s br dlildrm l:efore trey are e<rx;a:d 
ul"ldars:Dre tre rm::l to rEdUB lEad an:mtraticrs in drinking 
water as rn.dl as r:asible'' .38 

fls the ultimate human and environmental hEEith goal, LSLs 
should be completely removed where possible. The stability of 
the protective &:ales within LSLs depends on many foctors 
which can change over time. For exanple, changes to water 
quality or trEEtment have resulted in hi~h lEa:! le.tels over a 
sustained period of time (yEErs).10

·
39 

-
4 Under the current 

regulatory frcm:mork, eltvated lEa:! le.tels from disturbances, 
water quality, trEEtment, or water t..1!:aJ8 changes can potentially 
go undetected for up to 3 yEErs between LCR compliance 
monitoring periods, which can result in incra:md public 
exposure over a significant period of time. 

Proper selection of s:rnpling sites, S311lpling protocol, and 
other site conditions is critical for evaluating the amount of lEa:! 
corrosion and relEaSe that is occurring in the distribution 
system. Suca:ssful optimization of the plurnbo9Jivency trEEt
rnent depends on an accurate understanding of the corrosion 
mechanisms, pipe s:::ale mineralogy and structure, and the 
COn33CJuences of LSL disturbances and water conservation 
efforts. No published studies could be found that systematically 
investigated the tirne and inhibitor doses/water quality 
adjustments na::eE3ry to overcorne the disturbances and 
damage to the lEa:! pipe &:ales that will be routinely occurring 
throughout cities across the U.S., as long as full or partial lEa:! 
service I i nes remain in service. 

Analyse; of the Chicago LSL s:::ales by EPA (to be reported 
els=mhere) revEEI that the surfoce coatings on both lEa:! service 
line and galvanized interior pipes from CDWM are primarily 
composad of amorphous aluminum, calcium, and phosphon.& 
rich deposits, and not crystalline lead(ll) (or zinc)
orthophosphate phaxs that are predicted by conventional 
divalent lEa:! plurnbo9Jivency theory for orthophosphate 
dosing.10

•
33.42 An understanding of the &:ales is ESSential to 

study and implement proooclures and strategies for efictive and 
tirnely repair of the protective s:::ales damaged by LSL 
disturbances, and to minimize the public's exposure to high 
lead levels that can result from damaging the scales. 
Experimental evaluations are critical when s:::ale compositions 
fall outside the s:;ope of well-understood predictive corrosion 
control practices. 

1111111111111111 r,~,,,,A.AJi 
* Supporting Information 

Additional background information, tabular summaries of 
s:rnpling results, and graphics. This material is available free 
of charge via the Internet at http:/ /pubs.acs.org. 
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The Lead and Copper Rule (LCR) is a treatment technique regulation that requires all public 
water systems to optimize corrosion control and utilizes tap sampling for lead and copper to 
determine whether additional actions need to be taken by the system. It is important to note that 
the sampling conducted under the LCR is not designed to evaluate individual consumers' lead 
exposure or risk and that the lead action level (AL) was not established as a health-based 
number. The lead AL is the level which EPA determined in 1991 that systems could feasibly 
meet, taking into account the available treatment technologies and the cost of those treatment 
technologies. The lead AL should not be viewed or used as a threshold value to determine 
whether the water is safe or unsafe to drink, and it should be reiterated that the EPA and CDC 
have determined that there is no safe level of lead exposure (i.e., no level at which there is not an 
adverse effect). 

Tap sampling conducted under the LCR is intended to measure the amount of lead and copper 
corrosion that is occurring in public water systems using worst-case site selection and a specified 
sampling protocol. The sampling protocols in the current LCR were established in 1991, based 
on the existence of many potential sources of lead throughout the water distribution system, 
including lead service lines connecting the water main to the homes, leaded- solder used to join 
copper pipe, and leaded-brass devices, such as meters, brass connectors and shut-off valves, 
faucets and fixtures. The current LCR sampling requirements are prescriptive and based on the 
relative significance of lead sources in 1991. The sequential sampling protocol (described below, 
and in the accompanying paper) that resulted in capturing the highest lead, as well as the sample 
results themselves, are not allowed to be used in the current compliance calculation. 

The LCR utilizes a combination of: worst-case site selection (sites expected to yield the highest 
lead results); sampling protocols used to capture the highest lead; and repeated sampling at the 
same sites in order to measure the level of lead corrosion that is occurring throughout the water 
distribution system. Utilizing this sampling structure allows U.S. EPA to keep the sampling 
burden on public water systems manageable, while still accomplishing the objectives of the 
sampling under the LCR. Absent these key components, the number of samples needed to 
accurately assess system-wide corrosion would necessarily need to increase substantially to 
accomplish the objectives of the LCR. 

The action level for lead is 0.015 mg/L, but is presented here as 15 Jlg/L for the purpose of using 
consistent units for the data. An exceedance of the lead AL based on the sampling triggers 
specific actions that a public water system must undertake to protect public health, such as 
installing or adjusting corrosion control treatment and providing public education. Additionally, 
where the corrosion control treatment has proven ineffective at lowering lead levels below the 
lead AL, the removal of lead service lines is triggered. There are many different corrosion 
mechanisms and factors that govern lead corrosion. The selection of sampling sites, sampling 
protocol, and site conditions are essential components for evaluating the level of corrosion that is 
occurring in the distribution system, regardless of the mechanism(s) or contributing factor(s). It 
is therefore critically important that the sampling protocol accurately portray the level of 
corrosion that is occurring. 
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Lead Service Line and Plumbing Information 

As part of the sampling protocol, residents were asked to provide a plumbing profile (figure S 1 ), 
describing their internal plumbing, and identifying the location of the kitchen tap, and shut-off 
valve/meter. 

Home Plumbing and Service Line Diagrams 
Below there are 4 diagrams for common household plumbing configurations and the 5th diagram is blank. Please 
review the diagrams and select the diagram that best matches the plumbing configuration for your home. Each of 
the diagrams shows where the water service line comes into the home and where the kitchen tap is located. If none 
of the four diagrams matches your home, use the blank diagram (number 5) to draw where the water service line 
comes into your home and where your kitchen tap is located. If you do not know where the service line comes into 
the home, you can note that in your Home Plumbing description below. 

Note: Some homes have water meters and some do not. On the diagrams below, if you do not have a water meter, 
pick the diagram that matches where your service line comes into your home and where the kitchen tap is, and cross 

out the meter symbol 

Home Plumbing Description: In the space below, please describe your home plumbing as best you can, from the 
point at which the water service line comes into your home to the location of your kitchen tap (length of pipe, 
diameter of pipe, pipe material, etc.): 

Figure Sl: Plumbing Profile Diagram 
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Table S 1 contains a summary of the LSL information for each sampling site. Due to the site
specific plumbing characteristics, the liter which first begins to capture LSL water at each site 
was expected to be variable, as was the liter which would begin to collect uncontaminated water 
from the water mains. The study findings regarding whether the current sampling protocol is 
capturing the corrosion that is occurring are not affected by this limitation. 

Site 
LSL Length LSLEnd 

Site 
LSL Length 

LSL End Point ft (meters) Point ft (meters) 
1 89(27.1) BFW 22 65 (19.8) IFW 
3 73 (22.3) IFW 23 66 (20.1) IFW 
4 Unknown Unknown 24 56 (17.1) IFW 
5 80 (24.4) IBW 25 70 (21.3) IFW 
6 60 (18.3) IFW 26 66(20.1) IFW 
7 59+ (18.0+) BFW 27 47+ (14.3+) Unknown 
8 57 (17.4) IFW 28 61+ (18.6+) Unknown 
9 102 (3l.l) BFW 29 159 ( 48.5) BFW 
10 48+ (14.6+) IFW 30 49+ (14.9+) Unknown 
11 50 (15.2) IFW 31 71 + (21.6+) IFW 
12 53 (16.2) IFW 32 43(13.1) IFW 
13 49+ (14.9+) Unknown 33 43+(13.1+) IFW 
17 58+ (17.7+) Unknown 34 Unknown Unknown 
18 76 (23.2) IFW 35 80 (24.4) BFW 
19 63(19.2) IFW 36 110 (33.5) IBW 
21 46 (14.0) IFW 38 51(15.5) IFW 

IFW = LSL ends just inside the front wall 
IBW = LSL ends just inside the back wall 
BFW = LSL ends at an unknown distance beyond the front wall 
+ = Indicates that the LSL was measured from the water main to the front the home, and it 
is not known whether the LSL extends beyond the front wall of the home. 
Table Sl: LSL Lengths- The length of the LSLs for most sites were measured and are presented in this table. The 
LSLs for two sites (site 4 and site 34) were not measured. 

Figure S2: LSL Bulb 
Figure S3: LSL segment (3/4 inch I 1.91 em Figure S4: Severely corroded galvanized 
diameter) iron pipe. 
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Figure S2 shows a typical LSL in Chicago coming up from the foundation of the basement. The lead service line is a 
dull gray and easily scratched with a key. The soft LSL is typically soldered to the interior (household) plumbing, 
leaving a characteristic bulb. The LSL can also be connected to household pipe using a brass compression fitting. 

Figure S3 is a close-up of a 3/4 inch (1.91 em) diameter LSL, showing the thickness of a typical LSL. 

Figure S4 is a cross-section of a severely corroded galvanized pipe from one of the sample sites. In this photograph 
the inner diameter is significantly reduced which affects the volume of water that will flow through the pipe in a set 
amount of time. For homes with corroded galvanized pipe, water will flow slower through the pipe and longer 
flushing times are generally needed to flush the lead from the plumbing. 

City Information 

Samples were collected from 32 single-family homes in Chicago with LSLs. Twenty-three 
homes were in the Jardine Plant service area and nine homes were in the South Plant service 
area. 

Site# Home Built Service Area 
01 1893 Jardine 
03 1960 Jardine 
04 1941 South 
05 1901 South 
06 1953 Jardine 
07 1900 Jardine 
08 1941 Jardine 
09 1920 Jardine 
10 1943 Jardine 
11 1912 Jardine 
12 1952 Jardine 
13 1950 South 
17 1907 Jardine 
18 1953 Jardine 
19 1912 Jardine 
21 1938 Jardine 
22 1924 Jardine 
23 1944 South 
24 1906 Jardine 
25 1917 South 
26 1954 South 
27 1891 Jardine 
28 1932 Jardine 
29 1890 Jardine 
30 1954 South 
31 1923 Jardine 
32 1923 South 
33 1927 Jardine 
34 1915 Jardine 
35 1900 Jardine 
36 1957 South 
38 1927 Jardine 

Figure SS: Home age and plant service areas for sampling locations 
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Table S2 contains a summary of the City's compliance monitoring data for lead. The City 
exceeded the lead AL only once, during the July-December 1992 compliance monitoring period. 

City of Chicago (1992- 2010) 
90th Percentile Lead Values (Jt~/L) 

Monitoring Period Begin Monitoring Period End Number of Samples 90th Percentile Value 

1/1/2008 12/31/2010 50 6 

1/1/2005 12/31/2007 50 6 

1/1/2002 12/31/2004 50 4 

1/1/1999 12/31/2001 50 7 

1/1/1999 12/31/1999 50 8 

1/1/1998 12/31/1998 53 14 

7/1/1997 12/31/1997 100 11 

1/1/1997 6/30/1997 100 10 

1/1/1993 6/30/1993 100 13 

7/1/1992 12/31/1992 120 20 

1/1/1992 6/30/1992 100 10 

Table S2: City of Chicago 90th Percentile Compliance Values (1992- 2010) 

Laboratory and Analytical Information 

All samples were inspected for visible particulates prior to delivery to the laboratory. In light of 
the significant increase in visible particulate in the final round of monitoring, the presence of fine 
particulates that would readily dissolve in the nitric acid preservative should not be discounted. 
Samples collected during the final round of monitoring coincided with the Fire Department's 
annual valve exercising. Colloidal lead may explain some of the variability in lead levels 
between the June and Sept/Oct rounds. 

Laboratory blanks, laboratory fortified blanks and laboratory fortified samples were nm at a 
frequency of at least one per twenty samples. Laboratory blanks run with the samples did not 
have any detections of lead above the reporting limit and all Laboratory fortified blanks and 
laboratory fortified samples had recoveries greater than 90%. 

All laboratory instrumentation was inspected and maintained according to Chicago Regional 
Laboratory maintenance protocols, and calibrated daily according to Chicago Regional 
Laboratory standard operating procedures. 

The Chicago Regional Lab Quality Assurance (QA) Contact performed a data quality assessment 
on the results based on laboratory blanks, laboratory fortified blanks and matrix spikes. The QA 
Contact identified no biases in the sample results due to these quality control measurements. 

Sampling Summaries 

Sample site summary table - A summary table of the types of samples collected at each 
site, for each sampling protocol is presented in Table S3 below. The highlighted rows for Sites 2, 
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14, 15, 16 & 37 were confirmed not to have LSLs and Site 20 is the same residence as Site 21 
(Kitchen tap and bathroom tap). Following the first round of sampling, Site 20 (bathroom tap) 
was no longer sampled, to maintain consistency of using kitchen taps across all sites. Only 
sample results from LSL sites are presented and analyzed in the study paper. The first liter of the 
sequential samples in June and Sept/Oct also serve as the PF first-draw samples. 

Summary of Samples Collected at Each Site 

Site# 
Total# Mar/April June Sept/Oct 

Samples Day 1 Day 2 Day 1 Day 1 Day2 Day3 
01 34 A,C B,D E-12 samples A E-14 samples F,G,H 
02 16 A,C B,D E-12 samples DNS DNS DNS 
03 30 A,C B,D E-12 samples A E-ll samples F,G 
04 16 A,C B,D E-ll samples DNS DNS DNS 
05 28 A,C B,D E-12 samples A E-ll samples DNS 
06 28 A,C B,D E-12 samples A E-ll samples DNS 
07 35 A,C B,D E-12 samples A E-15 samples F,G,H 
08 35 A,C B,D E-12 samples A E-15 samples F,G,H 
09 30 A,C B,D E-12 samples A E-ll samples F,G 
10 34 A,C B,D E-12 samples A E-14 samples F,G,H 
11 30 A,C B,D E-12 samples A E-ll samples F,G 
12 34 A,C B,D E-12 samples A E-14 samples F,G,H 
13 16 A,C B,D DNS A E-ll samples DNS 
14 4 A,C B,D DNS DNS DNS DNS 
15 4 A,C B,D DNS DNS DNS DNS 
16 4 A,C B,D DNS DNS DNS DNS 
17 34 A,C B,D E-12 samples A E-14 samples F,G,H 
18 30 A,C B,D E-12 samples A E-ll samples F,G 
19 27 A,C B,D E-12 samples DNS E-ll samples DNS 
20 4 A,C B,D DNS DNS DNS DNS 
21 28 A,C B,D E-12 samples A E-ll samples DNS 
22 28 A,C B,D E-12 samples A E-ll samples DNS 
23 30 A,C B,D E-12 samples A E-ll samples F,G 
24 33 A,C B,D E-12 samples A E-14 samples F,G 
25 16 A,C B,D E-12 samples DNS DNS DNS 
26 30 A,C B,D E-12 samples A E-ll samples F,G 
27 33 A,C B,D E-12 samples A E-14 samples F,G 
28 30 A,C B,D DNS A E-ll samples F,G 
29 40 A,C B,D E-12 samples A E-20 samples F, G,I 
30 18 A,C B,D DNS A E-ll samples F,G 
31 31 A,C B,D E-12 samples A E-12 samples F,G 
32 28 A,C B,D E-12 samples A E-ll samples DNS 
33 33 A,C B,D E-12 samples A E-14 samples F,G 
34 18 A,C B,D DNS A E-ll samples F,G 
35 30 A,C B,D E-12 samples A E-ll samples F,G 
36 30 A,C B,D E-12 samples A E-ll samples F,G 
37 4 A,C B,D DNS DNS DNS DNS 
38 16 A,C B,D E-12 samples DNS DNS DNS 

A ~ NHU First-draw Sample F ~ 3-minute Flushed Sample 

B ~ PF First-draw Sample G ~ 5-minute Flushed Sample 

C ~ NHU 45-Second Flushed Sample H ~ 7 -minute Flushed Sample 

D ~ PF 45 -Second Flushed Sample I~ 10-minute Flushed Sample 

E ~ Sequential Sample DNS ~ Site did not sample 

Table S3: Smmnary of samples collected at each site usmg each samphng protocol. 
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First-draw and 45-secondjlushed samples- Results for first-draw and 45-second 
flushed samples using the normal household use (NHU) and pre-flushed (PF) sampling protocols 
are presented in Table S4 below. 

In addition to the first-draw samples, a 45-second flush sample was collected by nmning the 
water for 45 seconds immediately following the collection of the NHU first-draw and PF first
draw samples during the March/ April sampling. Overall, the 45-second flush sample results were 
higher than the first-draw results, and yielded a higher percentage of results above the lead AL. 
A total of32 NHU/45-second flushed and 32 PF/45-second flushed samples were collected, with 
6 NHU 45-second flushed results above the lead AL (19%), and 5 PF/45-second flushed results 
above the AL (16%). The total number of 45-second flush sample results above the lead AL was 
11 of 64 (17% ); a percentage significantly higher than the first-draw results (2% ). 

First-draw and 45-second Flushed Sample Lead Results (J.Lg!L) 

B = PF First-draw Sample DNS = Site did not sample 
C = NHU 45-Second Flushed n =number of collected 

Table S4a: First-Draw and 45-Second Flushed Sampling Results. Samples that were above the lead AL are in bold, 
and samples that contained visible particulates are shaded yellow. 
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Summary ofNHU and PF First-Draw Results 
NHU PF PF NHU 

(Mar/Apr) (Mar/Apr) (June) (Sept/Oct) 

8 7 8 10 

32 32 28 29 

0 0 0 2 

PF 
(Sept/Oct) 

9 

30 

1 

Table S4b: Comparison ofLCR-equivalent 90th percentile results using alternative first-draw protocols. 

Sequential sampling results (June 2011)- The sequential sampling approach provided a 
more reliable (volumetric) method for assessing corrosion as compared to a flushed (time-based) 
approach. Attempting to characterize the flow at each site would require an evaluation of the 
plumbing materials and dimensions, as well as the condition of the plumbing materials at each 
site, is not a feasible or reliable protocol for compliance monitoring. 

The results of the each liter in the sequential sampling conducted in June are tabulated below in 
Table S5 by site. 
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Table SS: Smrunary of June Sequential Sampling Results. Samples that were above the lead AL are in bold, and 
samples that contained visible particulates are shaded yellow. 

Sequential Sampling Results (September and October 2011)- The results of the each 
liter in the sequential sampling conducted in September and October are tabulated below in 
Table S6 by site. Considerably more sample results contained visible particulates than in 
previous rounds. The presence of particulates may be a result of the Chicago Fire Department 
exercising valves during the time period when samples were being collected. 

All sites collected at least 11 sequential samples, and some sites with high sample results in June 
collected additional samples. The additional sequential sample results are included here but were 
not included in the data analyses, since extra samples were collected only from sites with high 
lead. A review of the data, including and excluding these additional results was performed to 
ensure that a bias has not been introduced, and the review indicates that the study findings are 
not significantly affected by including or excluding the data. With the additional 39 samples 
included, a total of 80 of 3 58 sample results (22%) exceeded the lead AL. Using only samples 1 
through 11 from each site, a total of 7 5 of 319 sample results (24%) exceeded the lead AL. For 
the purpose of the data analyses, the first liter sample from the sequential samples in June and 
Sept/Oct also serve as the first-draw PF sample. 
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Table S6a: Summary of September /October sequential sampling results used in data analyses. Samples that were 
above the lead AL are in bold, and samples that contained visible particulates are shaded yellow. 
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Site 12 
01 13.9 
03 --
05 --
06 --
07 12.7 
08 12.8 
09 --
10 --
11 --
12 6.98 
13 --
17 2.84 
18 --
19 --
21 --
22 --
23 --
24 12.8 
26 --
27 16.0 
28 --
29 11.1 
30 --
31 4.17 
32 --
33 12.4 
34 --
35 --
36 --

Min 2.84 

Max 16.0 
Ave 10.6 

90th o/oile 13.9 

EPA FOIA Production 12/12/2016 
Flint Water Documents 

Sept/Oct Sequential Sampling Results by Site/Liter (Jtg/L) 
Liter 

13 14 15 16 17 18 
14.1 11.7 -- -- -- --
-- -- -- -- -- --
-- -- -- -- -- --
-- -- -- -- -- --

9.29 6.52 6.03 -- -- --
9.34 7.93 6.27 -- -- --

-- -- -- -- -- --
27.1 21.1 10.7 -- -- --

-- -- -- -- -- --
3.28 2.04 -- -- -- --

-- -- -- -- -- --
2.62 2.59 -- -- -- --

-- -- -- -- -- --
-- -- -- -- -- --
-- -- -- -- -- --
-- -- -- -- -- --
-- -- -- -- -- --

15.3 15.4 -- -- -- --
-- -- -- -- -- --

12.8 9.24 -- -- -- --
-- -- -- -- -- --

10.1 9.21 9.01 9.29 8.99 8.77 
-- -- -- -- -- --
-- -- -- -- -- --
-- -- -- -- -- --

11.5 10.1 -- -- -- --
-- -- -- -- -- --
-- -- -- -- -- --
-- -- -- -- -- --

2.62 2.04 6.03 9.29 8.99 8.77 
27.1 21.1 10.7 9.29 8.99 8.77 
11.5 9.58 8.00 9.29 8.99 8.77 
15.3 15.4 10.7 9.29 8.99 8.77 

19 20 
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --

8.73 8.39 
-- --
-- --
-- --
-- --
-- --
-- --
-- --

8.73 8.39 
8.73 8.39 
8.73 8.39 
8.73 8.39 

Table S6b: Smrunary of Supplemental September/October sequential sampling results not used in data analyses. 
Samples that were above the lead AL are in bold, and samples that contained visible particulates are shaded yellow. 
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Stagnation Times - Volunteers were asked to record the date and time water was last used, and 
the date and time when sampling began for each set of samples. Table S6c is a summary table 
which contains the stagnation times for the sequential samples, which is the amount of time the 
water sat motionless in the household prior to sample collection. 

Sample Collection Stagnation Times 

June Sequential Sept/Oct Sequential 
Sampling Sampling 

Stagnation Stagnation 
Site Time Site Time 

(brs:mins) (brs:mins) 
1 6:32 1 8:04 
3 7:13 3 7:45 
4 7:06 5 7:45 
5 7:00 6 8:00 
6 9:10 7 7:13 
7 7:24 8 6:05 
8 7:35 9 7:20 
9 8:15 10 *** 
10 6:06 11 7:08 
11 7:00 12 6:26 
12 8:06 13 *** 
17 6:25 17 6:55 
18 8:43 18 12:53 
19 6:30 19 *** 
21 6:15 21 6:00 
22 6:20 22 6:15 
23 7:45 23 9:00 
24 8:33 24 7:01 
25 8:32 26 7:00 
26 7:00 27 7:45 
27 7:00 28 8:00 
29 *** 29 *** 
31 7:26 30 10:45 
32 7:13 31 7:30 
33 7:02 32 6:54 
35 7:04 33 9:06 
36 7:45 34 7:05 
38 7:13 35 6:55 

36 8:47 

***Volunteer did not record date/time the water was 
last used, but said it was the day before and was at 
least 6 hours before sampling. 

Table S6c: Smrunary of stagnation times for sequential sampling. 
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Seasonal Variability- Table S6d contains a site by site comparison oflead concentrations. 

Seasonal Variability (Spring vs. Fall & Summervs. Fall) 

First-Draw NHU 
Sept/Oct> 

First-Draw PF 
Sept/Oct> Sequential Sept/Oct> 

Mar/Apr Mar/Apr Samples June 
No. ofSample 

28 
No. of Sample 

29 
No. ofSample 

285 
Pairs Pairs Pairs 
No. Higher in 

19 
No. Higher in 

20 
No. Higher in 

156 
Sept/Oct Sept/Oct Sept/Oct 
%Higher in 

68% 
%Higher in 

69% 
%Higher in 

55% 
Sept/Oct Sept/Oct Sept/Oct 
First-Draw Samples: Mar/Apr vs. Sept/Oct (Same Site, Same First-Draw Protocol Compared) 
Sequential Samples: June vs. Sept/Oct (Same Site/Same Liter Compared) 

Table S6d: Seasonal variability effects observed. 

Flushed sample results - The results of the flushed samples collected in September and October 
are tabulated in Table S7 by site. Most sites collected a 3 minute and 5 minute flushed sample. 
Some sites collected a 3, 5, and 7 minute flushed sample; and one site (site 29) collected a 3, 5, 
and 10 minute flushed sample, due to the length of the service line (159ft I 48.5 m). 

A flushed sample is collected by fully opening the sample tap and letting the water run for at 
least five minutes prior to a minimum 6 hour stagnation period. The date and time of the PF was 
recorded. After the minimum 6 hour stagnation period, and immediately before beginning the 
flushed sample collection, the date and time were again recorded and used as the start of 
sampling. The 3, 5, 7 and 10 minutes are measured from that start time, and water was not turned 
off between samples. For sequential sampling and flushed samples, the water was not turned off 
between samples. 

EPA's current Public Notification Handbook includes instructions that advise residents to run the 
water between 30 and 45 seconds before collecting water for consumption if the water has not 
been used for an extended period of time. Running the water (flushing) for 45 seconds resulted 
in high lead levels at the tap for some sites. The flushed sampling results in this study indicate 
that EPA should develop a more appropriate flushing guidance, based on whether a home has a 
LSL or not, and the length of the LSL. 

For homes with long LSLs, such as Site 29 (159ft I 48.5 m), flushing may not be a practical way 
to reduce lead levels, as lead levels did not decline any further following 3, 5 and 10 minutes of 
flushing. In the case of site 29, residents would likely have a minimum of approximately 8 to 
11 Jlg/L of lead in the drinking water for all water consumed, and should consider installing a 
water filter or using bottled water for drinking and cooking. 

SJ4 of42 

Flint FOIA Production 12-120000050 ED_ 000838 _ 0000037 5-00014 



EPA FOIA Production 12/12/2016 
Flint Water Documents 

Flushed Sample Summary Table (pg/L) 
Mar/Apr2011 Mar/Apr2011 Sept/Oct2011 Sept/Oct 2011 Sept/Oct 2011 Sept/Oct 2011 

Site NHU 45sec PF 45sec 3min Smin 7min lOmin 
01 11.3 11.9 6.48 6.97 
03 12.0 6.71 3.78 2.93 
04 6.76 2.56 
05 13.2 14.1 
06 1.90 2.13 
07 15.3 24.9 5.49 5.46 5.32 
08 32.2 28.0 8.25 5.54 5.71 
09 15.9 17.7 14.3 7.23 
10 25.0 21.6 4.95 4.30 4.09 
11 4.13 5.30 1 75 1.69 
12 17.2 5.45 1 78 1.45 1.33 
13 3.50 2.94 
17 4.00 3.70 2.88 2.76 2.86 
18 9.57 12.4 4.15 3.71 
19 4.69 8.27 
20 2.80 2.54 
21 6.87 13.8 
22 9.19 7.93 
23 13.1 11.5 5.64 
24 6.10 4.98 6.38 
25 3.75 ND 
26 3.02 3.45 5.06 3.23 
27 4.53 3.76 15.0 14.1 
28 4.99 4.70 4.82 3.26 
29 13.5 28.6 11.9 10.9 10.8 
30 12.5 6.52 5.80 4.82 
31 3.16 12.3 3.78 3.76 
32 2.29 7.82 
33 16.4 14.0 4.40 4.06 
34 1.51 3.30 1.83 1.75 
35 5.28 10.5 5.53 4.03 
36 111 8.76 7.19 5.29 
38 1.60 2.30 

NHU 45sec Samples were collected following the collection of the First-Draw NHU samples by running the water 
for45 seconds following the collectionofthe First-Draw NHU sample. 

PF 45sec Samples were collected following the collection of the First-Draw PF samples by running the water for 45 
seconds following the collection of the First-Draw PF sample. 

3min, 5min, 7min, and lOmin flushed samples were collected after pre-flushing the tap for at least 5 minutes prior to 
the minimmn 6 hour stagnation time during which no water was used in the home. Following the stagnation period 
and prior to sample collection, residents flushed the tap for 3 min to collect the 3min sample, and then an additional 
2min for the 5min sample or 4min for the 7min sample. One site (site 29) had the longest lead service line so this 
site collected a 3 min, 5 min and lOmin flushed sample (water was flushed for an additional 5 minutes following the 
collection of the 5min sample to collect the 10 min flushed sample). Water was not turned off in between samples to 
avoid the water hatruner effect. Residents were instructed to have the bottles ready to insert under the faucet at the 

time. 

Site 20 and Site 21 are the same residence. Site 20 was the upstairs bathroom and Site 21 was the kitchen sink. Note 
that neither the 45sec NHU nor PF samples from the upstairs tap captured any LSL water, while at least one of the 
kitchen tap smnples did. 

Table S7: Smrunary table of flushed sample results. Samples that were above the lead AL are in bold, and smnples 
that contained visible particulates are shaded yellow. 
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Classification of Disturbed LSL Sites - A summary of the classification of each site as 
"disturbed", "undisturbed", or "indeterminate" is presented in Table S8, along with the number 
of samples collected per site and the number and percentage of sample results above the lead 
action level. The results from the "disturbed" and "undisturbed" sites are consistent with other 
research efforts showing that LSL disturbances result in higher lead levels [1-

31 . 

Disturbed, Undisturbed and Indeterminate Site Summary 

Disturbed 
Total #Samples 

Undisturbed 
Total #Samples 

Indeterminate 
Total #Samples 

Sites 
Samples AboveAL 

Sites 
Samples aboveAL 

Sites 
Samples aboveAL 

Collected (Disturbed) Collected (Undisturbed) Collected (Indeterminate) 
01 27 16 03 27 4 12 27 17 
05 27 2 04 14 0 21 27 7 
07 27 11 06 27 0 33 27 6 
08 27 19 11 27 0 --- --- ---
09 27 15 13 15 0 --- --- ---
10 27 15 18 27 0 --- --- ---
17 27 3 19 27 0 --- --- ---
27 27 5 22 27 0 --- --- ---
28 15 0 23 27 0 --- --- ---
29 27 15 24 27 0 --- --- ---
30 15 4 25 14 0 --- --- ---
31 27 10 26 27 0 --- --- ---
35 27 2 32 27 2 --- --- ---
--- --- --- 34 15 0 --- --- ---
--- --- --- 36 27 0 --- --- ---
--- --- --- 38 16 0 --- --- ---

Totals 327 117 Totals 371 6 Totals 81 30 
% of samples above AL: 36% % of samples above AL: 2% % of samples above AL: 37% 

Table S8: Smmnary Table of Disturbed, Undisturbed and Indeterminate Sites, with the number and percentages of 
sample results above the lead AL for each site and each grouping. 

Many direct LSL disturbances are localized to a specific segment of the LSL, and yet some sites 
have higher lead levels in sample liters over a significant portion of the LSL, not just in the 
immediate area of the LSL that was disturbed. A probable reason is that, except for the initial 
liter of water, each subsequent one-liter sample reflects both lead levels within the segment of 
the plumbing where the water stagnated as well as a contribution from the rest of the plumbing 
the water travelled through. For example, the fifth liter of water collected from a kitchen tap will 
not only capture the lead from the segment of LSL where the water stagnated, but it will also 
collect contributions from the plumbing downstream as the water passes through the remaining 
LSL and internal plumbing on the way to the kitchen tap. If the sample results only represented 
the portion of the plumbing where the water stagnated, it would be expected that a variety of 
metals would be found in the initial liters due to the presence of a variety of metallic plumbing 
materials and components, but only lead should be found in the LSL samples. In this study, a 
variety of metals was detected even in samples that represented LSL samples (Figure S6). 

Specifically, for Site 9, information provided by the resident indicated that the internal pipe from 
the LSL to the kitchen tap was galvanized iron pipe. This was confirmed by the co-occurrence of 
higher levels of zinc and iron within the first liter of water in figure S6. There were no copper 
pipes in the home, so the presence of the copper is indicative of brass components (faucet, 
connectors, shut-offvalve(s), and the water meter). Trace amounts of iron, zinc and copper are 
captured in the later liter samples as the water flows through the internal plumbing en route to 
the kitchen tap, along with traces of iron, potentially from the water main. It can reasonably be 
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assumed that the same phenomenon occurred for lead. Disturbed areas of the LSL have damaged 
scale, which can expose water passing through them to fresh lead. Therefore, lead measured in 
any sample upstream of the damaged area may include lead contributions from the damaged 
area. 

Sample location: Site 9 (June Sequential Sampling) 

•Lead Zinc 

2.5 90 
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.5 20 
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0 0 

1 2 3 4 .5 6 7 8 9 10 11 12 

Figure S6: The LSL at Site 9 measures approximately 102 ft (31.1 m) from the water main to the meter. From the 
meter, there is approximately 13.5 ft ( 4.1 m) of 1 inch (2.54 em) galvanized pipe to the kitchen tap. 

Variability of lead levels in City B- A second city, City B, exceeded the lead AL during 
the July-Dec 2010 monitoring period, and was required to comply with the LSL replacement 
requirements in the LCR. Table S9 contains the compliance monitoring history for City B. 

Monitoring Period Monitoring Period Number of Lead 901
n Percentile 

Begin Date End Date Samples Value (~g/1) 
7/1/2011 12/31/2011 101 12 
1/1/2011 6/30/2011 130 14 
7/1/2010 12/31/2010 105 23 
1/1/2009 12/31/2009 51 15 
1/1/2008 12/31/2008 58 14 
1/1/2007 12/31/2007 50 11 
1/1/2006 12/31/2006 60 14 
1/1/2005 12/31/2005 54 13 
1/1/2004 6/30/2004 104 12 
7/1/2003 12/31/2003 108 12 
1/1/2002 12/31/2004 50 15 
1/1/1999 12/31/1999 55 14 
1/1/1998 12/31/1998 50 6 
1/1/1997 12/31/1997 50 7 
7/1/1996 12/31/1996 50 15 
1/1/1996 6/30/1996 50 15 
7/1/1992 12/31/1992 50 15 
1/1/1992 6/30/1992 50 21 

Table S9: City B 90th percentile compliance values (1992- 2012). Samples that were above the lead AL are in bold. 
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The sampling instructions presented in Figure S7 are in accordance with the LCR, and were used 
to collect the LSL samples in City B, which has approximately 25,000 LSLs. 

Instructions for Lead Sample Collection 

1 Make sure the faucet used for 

device. 
z At make sure the rnu ... wu'" 

undisturbed for a 

collection 

11 No faucets in the house are 
11 The toilet is not flushed 

• The water Is not run for an lee maker. 

3 When you are to collect the <:::~m,n•~>~ 

Make sure the is taken before any other water is used. 

" the collection container. 

• Turn on the cold water. 
11 Allow the water to run until there a ~•arutlr·::~nt 

• Fill the container to the shoulder. 

• Do not rinse the bottle out. 
11 capthe 

4 Fill out the enclosed chain of 

S Fold and secure the chain 

container. 

container. 

form and survey. 

Place the container outside where it was·delivered. 

remains 

shower and sinks. 

•:• A utilities up the container. No one will enter your home. The 

must be left outside to be up. 

Figure S7: LSL sampling instructions provided by City B to residents. 

The sampling protocol used for collecting LSL samples ("allow the water to run until there is a 
significant change in temperature") can result in some sample results reflecting lead levels from 
internal plumbing rather than from within the LSLs. 

The results from City B are presented below in Figure S8. Similar to the results presented for the 
study of Chicago, City B 's results show significant variability in LSL lead levels across the 
system. Following the 2010 lead AL exceedance, the City B took 1,975 LSL samples, with a 
total of 1,762 results (89%) below the lead ALand 213 results (11 %) above the lead AL. LSL 
results above the AL were significantly variable, ranging from 16 Jlg!L to 580 Jlg/L with a large 
number of sample results in exceedance of 50 Jlg!L. 
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Lead Service Line Results Above AL - City B 
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Figure S8: Range of lead values for City B LSL sampling results 
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Sequential Sampling Summary Graphs-The headers are color-coded based on whether 
the site has a disturbed LSL (red) or an undisturbed LSL (green). Sites for which this could not 
be determined (indeterminate sites) are color-coded orange. Water usage information is listed for 
each site. The samples which contained visible particulates are highlighted yellow, and the 
results that are above the lead AL are in bold text in the data tables. For sites that conducted 
sequential sampling in both June and Sept/Oct, the sequential sampling profiles were generally 
consistent during both sampling periods (see Figures S9- S40). 
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Disturbance( s ): Water meter installed in 20 I 0 
ApproximateLSL Length: 89ft (27.1 m) 
AveMonthlyWaterUse: 3,444gal.(l3,037 L) 

Figure S9: Sequential Lead Results- Sample Site #I (June and Sept/Oct) 

25.0 

20.0 

< 15.0 
011 

-= f. 10.0 

5.0 

0.0 
1 2 .':\ 4 

Disturbance(s): No known disturbance 
ApproximateLSL Length: 73ft (22.3 m) 
Ave Monthly Water Use: Not metered 

5 

Figure SlO: Sequential Lead Results- Sample Site #3 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: Unknown 
Ave Monthly Water Use: Not metered 

Figure Sll: Sequential Lead Results- Sample Site #4 (June) 

Site4 -June 

SiteS -June 

1 l 4 5 

Disturbance( s ): Water meter installed in 20 II 
ApproximateLSL Length: 80ft (24.4 m) 
Ave Monthly Water Use: 10,400 gal. (39,368 L) 

Figure S12: Sequential Lead Results- Sample Site #5 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 60ft (18.3 m) 
Ave Monthly Water Use: Not metered 

5 

Figure S13: Sequential Lead Results- Sample Site #6 (June and Sept/Oct) 
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Disturbance(s): Street excavation, potential installation of Cu whip at service connection in 2008 
ApproximateLSL Length: 59+ ft (18.0+ m) 
Ave Monthly Water Use: Not metered 

Figure S14: Sequential Lead Results- Sample Site #7 (June and Sept/Oct) 
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Site 8 

1 2 .3 4 5 6 7 8 9 

Disturbance( s ): Leak in parkway, repaired roundway in 2005. 
ApproximateLSL Length: 57ft (17.4 m) 
Ave Monthly Water Use: Not metered 

Figure S15: Sequential Lead Results- Sample Site #8 (June and Sept/Oct) 
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Disturbance(s): Water meter installed in 2008. 
ApproximateLSL Length: 102 ft(3U m) 

Site9 

6 7 

-June 

10 11 12 B 14 15 

-June 

-------- -------- "·------

8 9 10 11 12 

Ave Monthly Water Use: 3,190 (12,075 L)- In Sept 20ll, usage was 24,000 gaL (90,850 L) due to 
hose left running for one or more days. In calculating the overall average, the Sept 20 I 0 value of 
8,000 gaL (30,283 L) was also used for Sept 2011 instead of the 24,000 gaL (90,850 L) value. 

Figure S16: Sequential Lead Results- Sample Site #9 (June and Sept/Oct) 
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Site 10 -June 

1 2 .':\ 4 5 6 7 8 9 10 11 12 B 14 15 

Disturbance(s): Service leak repair, water meter installed in 2009. 
ApproximateLSL Length: 48+ ft (14.6 m) 
Ave Monthly Water Use: 1,826 gal. (6,912 L) 

Figure S17: Sequential Lead Results- Sample Site #10 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 50ft (15.2 m) 
Ave Monthly Water Use: Not metered 

5 

Figure S18: Sequential Lead Results- Sample Site #II (June and Sept/Oct) 
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Disturbance( s ): Indeterminate 
ApproximateLSL Length: 53 (16.2 m) 
Ave Monthly Water Use: Not metered 

Site 12 
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Figure S19: Sequential Lead Results- Sample Site #12 (June and Sept/Oct) 

Disturbance(s): No known disturbance 
ApproximateLSL Length: 49+ ft (4.9 m) 
Ave Monthly Water Use: Not metered 

Figure S20: Sequential Lead Results- Sample Site #13 (Sept/Oct) 
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Site 17 
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Disturbance(s): Meter replacement in 2008. 
ApproximateLSL Length: 58+ ft (17.7+ m) 
Ave Monthly Water Use: 9,772 gaL (36,991 m) 

Figure S21: Sequential Lead Results- Sample Site #17 (June and Sept/Oct) 
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Disturbance(s): No known distutbance 
ApproximateLSL Length: 76ft (23.2 m) 
Ave Monthly Water Use: Not metered 

5 

Figure S22: Sequential Lead Results- Sample Site #18 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 63ft (19.2 m) 
Ave Monthly Water Use: Not metered 

Site 19 

s 6 

Figure S23: Sequential Lead Results- Sample Site #19 (June and Sept/Oct) 
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Disturbance( s ): Indeterminate 
ApproximateLSL Length: 46ft (14.0 m) 
Ave Monthly Water Use: Not metered 
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Figure S24: Sequential Lead Results- Sample Site #21 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 65ft (19.8 m) 
Ave Monthly Water Use: Not metered 
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Figure S25: Sequential Lead Results- Sample Site #22 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 66ft (20.1 m) 
Ave Monthly Water Use: Not metered 
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Figure S26: Sequential Lead Results- Sample Site #23 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 56ft (17.1 m) 
Ave Monthly Water Use: Not metered 
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Figure S27: Sequential Lead Results- Sample Site #24 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 70ft (21.3 m) 
Ave Monthly Water Use: Not metered 
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Figure S28: Sequential Lead Results- Sample Site #25 (June and Sept/Oct) 
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Site 26 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 66ft (20.1 m) 
Ave Monthly Water Use: Not metered 

Figure S29: Sequential Lead Results- Sample Site #26 (June and Sept/Oct) 
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Disturbance(s): Meter replacement in 2010. 
ApproximateLSL Length: 47+ ft (14.3 m) 
Ave Monthly Water Use: 4267 gaL (16,152 L) 

Figure S30: Sequential Lead Results- Sample Site #27 (June and Sept/Oct) 
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4 

Disturbance(s): Meter replacement in 2009. 
ApproximateLSL Length: 61+ ft (18.6+ m) 
Ave Monthly Water Use: 4273 gal. (16,175 L) 

Figure S31: Sequential Lead Results- Sample Site #28 (Sept/Oct) 
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Disturbance(s): Probable Approximate LSL leak repair, meter installed in 2010. 
ApproximateLSL Length: 159ft (48.5 m) 
Ave Monthly Water Use: 1,438 gal. (5,443 L) 

Figure S32: Sequential Lead Results- Sample Site #29 (June and Sept/Oct) 
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Site 30 

Disturbance(s): Broken water main in 2000, sidewalk replaced & street re-surfacing. 
ApproximateLSL Length: 49+ ft (14.9 m) 
Ave Monthly Water Use: Not metered 

Figure S33: Sequential Lead Results- Sample Site #30 (Sept/Oct) 
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Site 31 

Disturbance( s ): Approximate LSL leak repair in 20 I 0. 
ApproximateLSL Length: 7l+ft(2l.6+m) 
Ave Monthly Water Use: Not metered 

Figure S34: Sequential Lead Results- Sample Site #31 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 43 ft(l3.l m) 
Ave Monthly Water Use: Not metered 
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Figure S35: Sequential Lead Results- Sample Site #32 (June and Sept/Oct) 
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Disturbance( s ): Indeterminate 
ApproximateLSL Length: 43+ ft (13.1 m) 
Ave Monthly Water Use: Not metered 
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Figure S36: Sequential Lead Results- Sample Site #33 (June and Sept/Oct) 
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Site34 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: Unknown 
Ave Monthly Water Use: Not metered 

Figure S37: Sequential Lead Results- Sample Site #34 (Sept/Oct) 
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Disturbance( s ): Meter installed in Aug 2011 (between June and Sept/Oct sampling). 
ApproximateLSL Length: 80ft (24.4 m) 
Ave Monthly Water Use: 4,667 gaL (17,667 L)- Data available only for Aug-Oct 2011 

Figure S38: Sequential Lead Results- Sample Site #35 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 83+ ft (25.3 m) 
Ave Monthly Water Use: Not metered 
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Figure S39: Sequential Lead Results- Sample Site #36 (June and Sept/Oct) 
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Disturbance( s ): No known disturbance 
ApproximateLSL Length: 51 ft(l5.5 m) 
Ave Monthly Water Use: Not metered 

Figure S40: Sequential Lead Results- Sample Site #38 (June) 
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Sampling collection and reporting instructions and forms 
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March/April sampling- The sampling instructions and forms below were used in the 
March/ April sampling. Sampling was scheduled to conclude in March, but the sampling ran into 
April. As a result of the instructions below, some volunteers sampled one day at the kitchen tap 
and one day at the bathroom tap. The intent was to have all samples collected from the same tap, 
so volunteers that split the samples were asked to collect replacement samples so that a complete 
set of four samples was collected at the same tap. We chose the kitchen tap, and all samples 
collected thereafter were also collected at the kitchen tap. In addition, the 45-second flushed 
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sampling protocol was not used after the March/ April sampling due to the complication with 
corroded galvanized pipe. 

You will be taking a total of 8 samples for this study. One set of 4 samples will be taken in March 2011 and one set 
of 4 samples (using the same instructions) will be taken in August 2011. 

General Instructions for all four samples of a set 
Sample # 1 and Sample #2 must be collected one after another on the same day. 
Sample #3 and Sample #4 must also be collected one after another on the same day, and within the same week as 
Sample #1 and Sample #2. 

All samples should be collected from taps that are generally used by your household for drinking water. Do not 
collect samples from a taps that have not been used within the last 24 hours. Use a kitchen or bathroom cold-water 
faucet for your sampling. 

Do not collect samples from a tap that has a water filter or is connected to a water softener. If you have a water 
softener or water filter on your kitchen tap, collect your sample from a bathroom tap that is not attached to the water 
softener or water 

Collecting Sample # 1: The first sample is to be collected after water throughout the household has not been used 
for a minimum of 6 hours (example: midnight to 6am). During these 6 hours, do not flush toilets, shower, or run 
water from other faucets. The best time to collect samples is either: 
1) First thing in the morning, before any water is used in the household; or 2) Immediately upon returning from 

work, and prior to using any water, as long as water has not been used in the household during the day. 

1. When you are ready to collect your first sample, use the sample bottle labeled 'Sample # 1 '. 
2. Do not run any water from the tap before collecting the first sample. 
3. Place the opened sample bottle below the faucet and gently open the cold water tap. 
4. Fill the sample bottle as you would normally fill a glass of water for drinking, up to the neck of the bottle (see 

and turn off the water. the bottle. 

Important: Please make sure you use the bottle labeled 'Sample #2' (or your second sample' 

Collecting Sample #2: This sample is to be collected from the same faucet as Sample #1, immediately after 
collecting Sample #1. 

l. 45 Shut off the water and 
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sample bottle (labeled Sample #2) below the faucet and gently open the cold water tap. 
2. Fill the sample bottle as you would normally fill a glass of water for drinking, up to the neck of the bottle (see 

Dhl)to:graons on first and tum off the water. the bottle. 

Important: Please make sure you use the bottle labeled 'Sample #3' (Or your third sample! 

Collecting Sample #3: Collect on a different day in the same week as Samples #1 & #2. 

1. Before letting the water sit for a minimum of 6 hours, run the water from the faucet for 5 minutes at a high rate, 
and then do not use any water in the household for at least 6 hours after that (Example: Run the water for 5 
minutes at midnight before going to bed, and then do not use any water in the household until collecting the 
third sample at 6 am the following morning). 

2. Do not run any more water from the tap before collecting the third sample. Place the opened sample bottle 
below the faucet and gently open the cold water tap. 

3. Fill the sample bottle as you would normally fill a glass of water for drinking, up to the neck of the bottle (see 
Dhl)to:graohs on first and tum off the water. the bottle. 

Collecting Sample #4: This sample is to be collected from the same faucet as Sample #3. 

1. Immediately after collecting Sample #3, run the water for 45 seconds. Shut off the water, and place the opened 
sample bottle (labeled Sample #4) below the faucet and gently open the cold water tap. 

2. Fill the sample bottle as you would normally fill a glass of water for drinking, up to the neck of the bottle (see 
on first and tum off the water. the bottle. 

Figure S41: March/April sampling instructions. 
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Sample ID (from Sample Bottle #1): _____ _ Date/time Sample #1 was collected: 

Volunteer ID: Sampling Location: Kitchen Faucet D Bathroom Faucet D 

Date/time the water was last used in household before collecting Sample #1: 

\Vas sample #1 collected from a faucet that has a water softener or water filter? YesD NoD 

Sample ID (from Sample Bottle #2): _____ _ Date/time Sample #2 was collected: 

Volunteer ID: Sampling Location: Kitchen Faucet D Bathroom Faucet D 

Date/time the water was last used in household before collecting Sample #2: 

\Vas Sample #2 collected from the same faucet as Sample #1: YesD NoD 

Sample ID (from Sample Bottle #3): _____ _ Date/time Sample #3 was collected: 

Volunteer ID: Sampling Location: Kitchen Faucet D Bathroom Faucet D 

Date/time the faucet was flushed before collecting Sample #3: ______________ _ 

\Vas sample #3 collected from a faucet that has a water softener or water filter? YesD NoD 

Sample ID (from Sample Bottle #4): _____ _ Date/time Sample #4 was collected: 

Volunteer ID: Sampling Location: Kitchen Faucet D Bathroom Faucet D 

Date/time the faucet was flushed before collecting Sample #4: ______________ _ 

\Vas Sample #4 collected from the same faucet as Sample #3: YesD NoD 

Have there been any plumbing repairs or plumbing work done within the household during the last six months (including installation of 
new faucets)? Yes D No D 

If yes, explain briefly (Example- 'New faucet installed one week ago'): 

FOR EPA USE: Samples received by---------- Date/Time: 

Samples transferred to Region 5 Laboratory by---------- Date/Time: ---------

Volunteer Certification: I have read the sampling instructions and have collected the samples in accordance with the 
instructions provided. 

OR __________________________ _ 
Signature/Date Volunteer ID/Date 

Figure S42: March/ April sample collection and reporting form. 
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Sequential Sampling Instructions for June- The sampling instructions and forms below were used 
in the June sequential sampling. 

Sequential Sampling Instructions 
Please read all instructions before beginning your sampling 

General Information 
•Use only the kitchen faucet for all of these samples. 

•Use only cold water and open the cold water tap all the way when filling the bottles. 

•Fill each bottle to the top of the label on the sample bottle. 

Sam~ling Instructions 
•The night before sampling (right before everyone goes to bed) run the water from the kitchen tap for at least 5 
minutes. Write down the date/time you finished running the water on the form on the back side of this page. 

•The water must sit motionless in the home plumbing for at least 6 hours before collecting the samples so do not use 
water in the home after you finished running the water and until all samples are collected the following morning. 
Showering, flushing toilets, or other water use will affect the sampling results. It may help to tape a sign in the 
kitchen and bathrooms with a reminder not to use the water, in case people forget. 

• The bottles are numbered, and it is very important to collect them in order (Sample 1 first, Sample 2 second, etc.). 

• In the morning, when you are ready to sample, place the open bottles in order by sample number. You will be 
collecting the samples without shutting off the water in between samples, so you should remove the caps from all 
bottles so that you have all of the bottles ready to fill. You can put the caps on after all samples have been collected. 
Try not to let any water spill in between samples. 

•Write down the date/time right before you sample on the form on the back side of this page. 

•Begin by placing the Sample 1 bottle under the faucet and open the cold water slowly until the faucet is fully open. 
While one bottle is filling, grab the next bottle so that you are ready to move it under the faucet quickly. 

•Once the bottle is filled to the top of the label, quickly place the Sample 2 bottle under the faucet, and continue until 
you have filled all sample bottles. 

Sequential Sampling- Sample Collection and Reporting Form 
Volunteer ID: 

Sampling Information 
Date/time the wate1· was last used in household (the night before collecting the samples): -
Date/Time Volunteer Began Collecting Samples: 
Were All Samples Collected from the Kitchen Tap? Yes D NoD 

FOR EPA USE: Samples received by Date/Time: 
Samples transferred to Region 5 Laboratory by Date/Time: 

EPA Use: Visible Particulate in any samples? YesD NoD 
If Yes -List Samples With Particulate 

Volunteer Certification: I have read the sampling instructions and have collected the samples in accordance with 
the instructions provided. 

----------------------------------------- OR ______________________________ _ 
Signature/Date Volunteer ID/Date 

Figure S43: June sampling instructions and sample collection and reporting form. 

S39of42 

Flint FOIA Production 12-120000050 ED_ 000838 _ 0000037 5-00039 



EPA FOIA Production 12/12/2016 
Flint Water Documents 

Sampling instructions for September/October - In the final round of sampling, the number and 
type of samples was customized to each site and sites collected 3 days of sampling. The 
instructions below were for a site collecting one NHU First-draw sample, 11 sequential samples 
and a 2 flushed samples. Some sites collected additional sequential samples and some collected 3 
flushed samples instead of two. 

Sampling Instructions 
Please read all instructions before you start sampling. 

General Information 
Use only the kitchen faucet for all of these samples. 
Use only cold water. 
Open the cold water tap all the way when filling the bottles. 

u Fill each bottle to the top of the label on the sample bottle. 
Sampling Instructions 

There are three different sets of samples for you to collect (Sample Set #1, #2 and #3). 
Each set will be taken on a different day. (The three sampling sets do not have to be taken on three days in 
a row.) 

U A section of the reporting form (attached) needs to be filled in for each day of sampling. 
A) Sample Set #1 (1 bottle, Blue Label) 
1. The water must sit motionless in the home plumbing for at least 6 hours before collecting the sample. Typically, 
the night before taking the sample, make sure that no one uses water in the home until you collect the sample from 
the kitchen the following morning. 

2. In the morning, when you are ready to sample, write down the date/time on the attached form. 

3. Fill up the bottle with the BLUE LABEL. That's it for collecting the first sample set. 
B) Sample Set #2 "Sequential Sampling" (11 bottles, WHITE LABELS) 
1. The night before sampling (right before everyone goes to bed) run the water from the kitchen tap for at least 5 
minutes. Write down the date/time you finished nmning the water on the form. After nmning the water for 5 
minutes, it should sit motionless in the home plumbing for at least 6 hours. 

2. In the morning, your first water usage should be collecting eleven samples in a row (one after another). Use the 
bottles with the WHITE LABELS. The samples should be collected without shutting off the water in between 
samples. To do this, remove the caps from all eleven bottles before you tum on the water. 

3. Place the eleven open bottles in order by sample nmnber before you start collecting the samples Try not to waste 
water in between the samples. You can put the caps on after all 11 samples have been collected. The bottles are 
numbered Seq 01, to Seq 1l.lt is very important to collect the samples in order (Seq 01 first, Seq 02 second, 
etc.). 

4. Use the attached reporting fonn to note the date and time that you started taking the sample set. 
C) Sample Set #3 (2 Bottles, GREEN LABEL and YELLOW LABEL) 
1. The night before sampling (right before everyone goes to bed) run the water from the kitchen tap for at least 5 
minutes. Write down the date/time you fmished nmning the water on the form. After nmning the water for 5 
minutes, it should sit motionless in the home plumbing for at least 6 hours. 

2. In the morning, when you are ready to sample, write down the date/time on the attached reporting form. 

3. Run the water for 3 minutes, then collect a sample in the jar with the GREEN LABEL. Continue to let the water 
run for an additional2 minutes (for a total of 5 minutes), and collect the final sample in the bottle with the 
YELLOW LABEL. 

Figure S44: Sept/Oct sampling instructions. 
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Sample Collection and Reporting- Sampling set # 1 (Blue label) 
Volunteer ID: 

Sampling Information 

Date/time the water was last used in household (the night before collecting the samples): 

Date/Time Volunteer Began Collecting Samples: 

Were All Samples Collected from the Kitchen Tap? Yes D NoD 

FOR EPA USE: Samples received by Date/Time: 

Samples transferred to Region 5 Laboratory by Date/Time: 

EPA Use: Visible Particulate in any samples? YesD NoD 
If Yes -List Samples With Particulate 

-

Sample Collection and Reporting- Sampling set# 2 (11 samples, White labels) 
Volunteer ID: 

Sampling Information 

Date/time the water was last used in household (the night before collecting the samples): 

Date/Time Volunteer Began Collecting Samples: 

Were All Samples Collected from the Kitchen Tap? Yes D NoD 

FOR EPA USE: Samples received by Date/Time: 

Samples transferred to Region 5 Laboratory by Date/Time: 

EPA Use: Visible Particulate in any samples? YesD NoD 
If Yes -List Samples With Particulate 

Sample Collection and Reporting- Sampling set# 3 (Green and Yellow labels) 
Volunteer ID: 

Sampling Information 

Date/time the water was last used in household (the night before collecting the samples): 

Date/Time Volunteer Began Collecting Samples: 

We1·e All Samples Collected from the Kitchen Tap? Yes D NoD 

FOR EPA USE: Samples received by Date/Time: 

Samples transferred to Region 5 Laboratory by Date/Time: 

EPA Use: Visible Particulate in any samples? YesD NoD 
If Yes -List Samples With Particulate 

Volunteer Certification: I have read the sampling instructions and have collected the samples in accordance with 
the instructions provided. 

Signature/Date 

OR __________________________ __ 

Volunteer ID/Date 

Figure S45: Sept/Oct sample collection and reporting form. 
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Work on water mains, water meters linked to high lead levels- chicagotribune.com 

street work or plumbing repairs, according to a new 

federal study that suggests the city's aggressive efforts to 

modernize its water system could inadvertently pose 

health risks. 

The problem starts with lead service lines that Chicago 

installed across the city until the mid-1980s to connect 

water mains with homes. Researchers at the U.S. 

Environmental Protection Agency found that spikes of 

lead can leach into tap water when those pipes are altered 

by water main replacements, meter installations or street 

work. 

Wall Chart 

Free wall chart - pipe 
color coding standards 
set by ANSI and ASME 

High levels can be found in tap water for years afterward, the EPA study found, raising 

concerns that other cities with lead pipes conld face similar problems. 

Most homeowners likely are unaware they could be drinking tainted water. Under federal 

rules, utilities rarely are required to warn residents that work is being done or tell them they 

can take steps to reduce their exposure to lead. A potent neurotoxin, lead can damage the 

brains of young children, lower IQ and trigger learning disabilities, aggression and criminal 

behavior later in life. 

Lead is so hazardous that the EPA and the Centers for Disease Control and Prevention say 

there is no safe level of exposure. The metal has been phased out of gasoline, removed from 

paint and banned in children's toys. But the widespread use oflead pipes during the last 

century has left a festering problem nationwide. 

"We owe it to people to tell them that their water might not be safe to drink," said Marc 

Edwards, a professor of civil and environmental engineering at Virginia Tech University who 

wasn't involved with the EPA study but has reached similar conclusions in his own research. 

The comes as Mayor Rahm Emanuel pushes to speed up the replacement of 

aging water mains and increase the number of water meters installed citywide - two 

activities that EPA researchers found to be linked to high amounts of lead in tap water. 

Lead levels exceeded federal standards at all but one of 13 Chicago homes tested where the 

service line had been physically disturbed between 2005 and 2011, according to results 

published last month in the peer-reviewed journal Environmental Science & Technology. 

At 16 other homes where there was no known disturbance of the service line, only three had 

high lead levels. 

The study also found that normal federal testing procedures would not have detected most 

of these spikes, a problem the Tribune described in a 2011 story based on preliminary data. 

Under the EPA's current testing protocol, only the first liter of water that flows out of a 

household faucet is checked, but the researchers took multiple consecutive samples. 

Their testing showed that lead levels exceeded the federal limit of 15 parts per billion at 15 of 

29 homes used in the study, but only one home showed high levels in the first liter of water 

drawn. The high levels didn't taper off until the 12th liter drawn from the taps, according to 

the researchers. Clearing pipes of that much water requires a continuous flow for up to five 

minutes, they said. 

In response to the research, the city in July started advising residents to flush their pipes 

after a water main has been replaced on their street. "We're trying to be proactive," said 

Andrea Putz, a research specialist at the Chicago Department of Water Management. 

The city's warning, which appears at the end of a packet of information handed out by work 

crews, says opening all household taps for three to five minutes will remove "any lead 

particulates that may have come loose from your property's service line as a result of the 
water main replacement." 

http://www.chicagotribune.com/news/local/ct-met-lead-in-water-20130925,0,5598309,full.story[9/25/2013 8:27:03 AM] 
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But the EPA says it is important for households with lead service lines to flush their pipes 

for several minutes any time household water hasn't been used for several hours -not just 

one time after a repair. 

Two simple ways to do that are to take a shower or do a load of laundry. Then, before 

drawing water to drink or to prepare baby formula, the tap should be flushed for another 35 

to 45 seconds to clear any remaining water sitting in the home's pipes, according to 

Some household devices can filter out lead. 

devices on its website under the heading "Consumer Resources." 

Tinka Hyde, director of the water division in the EPA's Chicago office, said the study could 

influence a long-running debate about the Lead and Copper Rule, a 1991 regulation that by 

many accounts fails to adequately protect Americans from the harmful effects of lead in 

water. 

Chicago has a sprawling network of pipes laid before the harmful effects of lead were fully 

accepted. The city's building code required lead service lines as recently as 1986. Yet 

Chicago has not recorded a violation of the Lead and Copper Rule for nearly 20 years. Nor 

have most other cities. 

Under the rule's testing protocols, cities aren't required to take action unless water in more 

than 10 percent of the homes tested have lead levels exceeding 15 parts per billion, a limit 

that wasn't based on science about lead hazards but rather was considered cost-effective for 

water utilities to meet. 

Water rarely contains lead when it leaves treatment plants, but under certain conditions the 

metal can leach into water while it sits in or flows through pipes and taps. Pipes and faucets 

inside homes also can contain lead, as can solder and brass plumbing devices. 

Treatment plants add orthophosphate and other chemicals to form a white coating inside 

pipes that can prevent lead from leaching into the water. But street work and plumbing 

repairs can interfere with those protective measures. 

Soon after becoming mayor, Emanuel won approval for a series of water rate increases to 

replace leaky pipes that in many cases are decades old. About 75 miles of new water mains 

are expected to be laid this year, up from 30 in 2010, according to city records. The city also 

plans to install12,000 new meters this year to encourage residents to save water. But such 

fixes generally leave in place the lead service pipes that often connect water mains with 

homes. 

Scores of other cities are embarking on similar efforts to overhaul aging water systems, a 

task the American Water Works Association estimates could cost at least $1 trillion 

nationwide during the next quarter-century. 

The EPA study is part of growing amount of research suggesting that the work, while much

needed to stem leaks and conserve water, could have unintended consequences. 

One of the challenges for regulators is finding solutions that are broadly effective. Water 

from two homes on the same block could have widely different lead levels depending on the 

type of service lines, the amount oflead in brass plumbing fittings and the extent of repair 

work. 

"There is no magic bullet," said Putz, the city water specialist. "Everybody's plumbing is 

different, and that can have a big effect on lead levels." 

City officials who assisted the EPA in its research plan to conduct their own study, testing 

lead levels in more than two dozen homes before and after water main replacements and 

http://www.chicagotribune.com/news/local/ct-met-lead-in-water-20130925,0,5598309,full.story[9/25/2013 8:27:03 AM] 
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meter installations, Putz said. 

The presence of so many lead service lines across Chicago and other cities remains a 

concern. So does the staggering cost to eliminate the health risks. 

"It's so huge that utilities and the states don't want to talk about it unless there are federal 

funds to fix it," said Bruce Lanphear, a noted lead expert at Simon Fraser University in 

Vancouver, British Columbia, who served on an EPA scientific advisory panel that studied 

the issue. "But if we don't start to do something, we're sacrificing another generation of 

children to the hazards of lead." 

Twitter @scribeguy 
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Detection and Eva I uation of Elevated Lead Release from Service 
Lines: A Field Study 
Miguel A Del Toral,*·t Andrea Porter,t and Michc:el R S:hoci(l= 

tu.s. Environmental Protection ~y, Region 5, GWDWB, 77 West ...0Ck<;on BouiEM3rd, Chice{lo, Illinois 60604, United States 
+u.s. Environmental Protection ~y, ORO, NRMRL, 26 W. Martin Luther King Drive, Cincinnati, Ohio 45268, United States 

Suprorting Information 

1111111111111111. 

Background. Most IEEd in drinking water comes from 
premisa plumbing materials and lEa:! sarvice lines (LSLs). LSLs 
are generally the largest sourre of lEa:! in drinking water when 
they are pre;ent in public water systems.1 The 1986 S3fe 
Drinking water Act Amendments banned reN IEEd pipes in the 
potable water network, but a legocy of millions of partial or 
whole LSLs remains in many public water systems.2 Where the 
term "lEa:! corrosion" is U93d, it refers to the corrosion of lEa:! 
plumbing materials that result in the transfer of dissolved or 
particulate lEa:! into the drinking water. 

The LEEd and Copper Rule (LCR) S3111pling is intended to 
rn=:asure the lEa:! levels in drinking water to cm:ss the 
efi:ctiveneB of corrosion control trEEtment utili2Ed by public 
water systems (P/I/'2I::,) to minimize lEa:! in drinking water. 
P/II'2I::, are rEquired to usa S3111pling sites that are presumed to 
be the highest-risk sites for lEa:! rela:se, and to optimize 
corrosion control to minimize lEa:! levels at consumers' taps. 
Most published S3111pling studies typically focus on systems 
having high lEa:! levels or systems that have 6<perienced 
challenges in attempting to balanre LCR complianre with 
various other trEEtment or water quality objectives. Except for 
LCR compliance data, little published data exists or is available 
for systems that are considered to be operating with optimal 
corrosion control and meeting the lEa:! action le.tel (AL) in the 
LCR. This study focuses on a system that is considered to have 
optimi2Ed corrosion control using a blended phosphate, with a 
relatively stable water quality, and compliance results 
historically well below the IEEd AL. This situation is 
repre;entative of a large percentage of systems serving 
100,000 or more people that utilize orthophosphate or blended 
phosphates for corrosion control and the vast majority of 

This article not subject to U.S Copyright. 
Published XXXX by the American Chemical 
Society 
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A 

systems are meeting the lEa:! AL l:a:ecl on the current s:rnpling 
protocol in the LCR Additional information on the LCR and 
study is available in the Supporting Information (SI). This 
study fOCU93d on whether (1) the current LCR complianre 
S3111pling protocol adequately captures the pEEk lEa:! le.tels in a 
water system; (2) "preflushing" (PF) results in capturing lower 
lEa:! levels in S3111ples compared to s:rnples collected under 
normal household l..ISq:J8 (NHU) conditions; (3) a first-clraN 
S3111pling protocol appropriately determines the adequacy of 
optimal lEa:! corrosion control in water systems with LSLs; and 
(4) there iss:asonal variability in thes:rnpling results using the 
difurent s:rnpling protocols. 

System Information. The Chicago Department of water 
Management (CDWM) operates two similar conventional 
surfcm water filtration trEEtment plants serving approximately 
5.4 million residents, including th093 in 125 suburbs. Lake 
Michigan is the sole water sourre, with relatively stable water 
quality IEEVing the trEEtment plants and in the distribution 
system (Table 1). Before the LCR, CDWM utili2Ed pH/ 
alkalinity adjustment for corrosion control. CDWM switched to 
a proprietary blended phosphate at both plants betwEen 1993 
and 1994 which is still used a:; the primary corrosion control 
trEEtment. 

The LCR rEquires public water systems to collect lEa:! 
S3111ples using a first-draw (FD) s:rnpling protocol, and s:rnples 
were collected almost exclusively from single-family horre; with 
LSLs a:; rEquired by the LCR s:rnple site selection rEquire-

J3nL.Bry 23, 2013 
Revised: June 24, 2013 
Accepted: July 23, 2013 

dx.doi.org/10.1021/es40036361 Environ. &:i. Technol. )()()()(XXX, XXX-XXX 
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Table 1. Water Quality Data 2011 

outlets distribution 

parameter min max min max 

temp ("C) 4 24 5 23 
turbidity (NTU) 0.1 0.2 0.1 0.4 

pH 7.5 7.8 7.7 7.8 
Cl2 residual (mg/L) 1.0 1.2 0.7 0.9 

total alkalinity (mg/L as CaC03) 103 108 98 108 
chloride (CI, mg/L) 16 20 17 20 

sulfate (mg/L) 29 31 29 30 

Ca (mg/L) 34 39 34 39 

P04 (mg/L) 0.4 0.6 0.5 0.5 

total P04 (mg/L) 0.8 1.1 0.8 1.2 
AI (j.Jg/L) 34 126 29 113 

Fe (j.Jg/L) <5 <5 <5 34 
Mn (j.Jg/L) <3 <3 <3 <3 

ments? Since the initial LCR monitoring, Chicago ha5 
exa:eded the lEa:! AL only once, during .ltly- December 
1992, with an avefql8 90th percentile compliance monitoring 
value betwEen 1999 and 2010 of 6 IJg/L (SI Table 82)_3 

The LCR rEquires 1-L, FD tap s:rnples of water that ha5 
stood motioniEffi in the plumbing system (i.e., ha5 stagnated 
within the plumbing) for at IEffit 6 h. The two variants of the 
FD S3111pling protocol currently used by public water systerrs 
are defined herein a:; the NHU first-draw s:rnple, where water 
is used in a normal household manner, and then allowed to sit 
motioniEffi in the plumbing for at IEffit 6 h before theS3111ple is 
collected; and the PF first-draw S3111ple, where the water is run 
from the s:rnpling tap for a specified amount of time 
immediately prior to the stagnation period. Howe.ter, the 
LCR dOES not provide specific details on water U33 during the 
stagnation period. 

Almost all p.,r.,JS:, in the U.S. rely on residents to collect 
compliance s:rnples under the LCR and there are difurenCES 
ocross the U.S. in how systerrs instruct rESidents not to U33 the 
water during the st<{!nation period prior to collecting the 
s:rnple. A review of example sats of S3111pling instructions 
provided to residents by larga p.,r.,JS:, in the U.S. found that 
some are instructed not to usa any water fran the tap to te 
s:rnpiEd during the stagnation period. Others are instructed not 
to usa any water in the I"DI..EEtlold. Prior to 2009, CDWM used 
the PF first-draw s:rnpling protocol, with a 5-min preflush 
preceding st<{!nation. Recent instructions to rESidents included 
not using water from the S3111pling tap or from any nEErby tap 
until the (postst<{!nation) S3111ples were collected, and to 
collect s:rnples a:; soon a:; possible after the minimum required 
6-h stagnation period. RegardleB of the S3111pling protocol, 
resident-collected S3111ples neGEffiitate the U33 of simple 
instructions and make it diffrult to ensure strict adherence to 
any s:rnpling protocol. In addition, the diversa premise 
plumbing materials and configurations (SI Table S1) represent 
varying etects of flow rates, hydraulic flow charocteristics, and 
possible lEa:! sorption/particle rela:m eft3cts on the shapES of 
the lEa:! gofiles, particularly with corroded galvaniZEd pipe 
locations. ·5 

1111111111111111 

Sampling Objectives and Protocol. Since the promul
gation of the LCR, new rESEErch on lEa:! corrosion ha5 shown 
that there are many mechanisms and water quality foctors 
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involved.1
•
4

•
6 

-
11 Specifically, theS311lpling protocols used in this 

study were e.raluated to determine if 

preflushing biasES rESUlts; 
first-draw S3111ples, with or without preflushing, capture 
the "worst-am'' level of lEa:! corrosion under normal U33 

conditions; and 
s:asonal variability atects lEa:! concentrations (in this 
water system). 

Consistent with the LCR requirements and CDWM 
compliance s:rnpling, s:rnples for this study were collected 
by volunteer rESidents from 32 single-family rESidenCES, built 
betwEen 1890 and 1960, with LSLs. An additional 5 homES 
were S3111pled and determined not to have LSLs, and were 
therefore excluded from further S3111pling. All rESUlts are 
included in the Supporting Information, but the non-LSL sites 
were not used in the data analysis (SI TablesS4a, 85, 938, S3b, 
and ST). 

Information wa:; reqUESted on the specific plumbing 
configurations of a:dl s:rnpling site to a much grEEter extent 
than the regulatory rEquirements which simply require the 
plumbing material to be identified. This information, along with 
analy.:e; conducted for lEa:!, copper, iron, and zinc for a:dl 
S3111ple, focilitated a better understanding of the ob93rved water 
lEa:! levels. Residents were ffiked to (1) complete a plumbing 
profile identifying the kitchen tap and meter or internal shut-off 
valve, and (2) dEOCribe the internal plumbing, including any 
recent plumbing work (SI Figure S1 ). The information 
provided by residents along with the rESUlts of the four metals 
provided additional information on the saquenCES of plumbing 
materials, and the presence of in-line bra:;s plumbing 
components. CDWM provided the locations of water mains, 
sarvice line materials, work conducted by the city at a:dl 
rESidence (meter installation or repair, shut-off valve repair/ 
repla:Je!'TBnt, sarvice line look repair, street excavation), and 
monthly water U33 data for rESidenCES with water meters. The 
information provided by CDWM on water main locations wa:; 
used to rra:sure the distance from the water main to a:dl 
rESidence, and internal plumbing information provided by 
rESidents wa:; used along with the rra:sured length from the 
water main to the rESidence to approximate the LSL length (SI 
Table S1). 

Residents were provided with written s:rnpling and reporting 
instructions for a:dl s:rnpling event (SI FigurES S41-S45). 
One-liter, high-density polyethylene (HOPE), wide-mouth (5.5 
em, 2.2 in.) s:rnple bottles were used to collect all S3111ples. 
Residents were instructed not to remove oorators prior to 
S3111pling and not to collect s:rnples after point-of-usa or point
of-entry trffitment deviCES. 

Several prior studies have suggested that significant 
contributions of particulate-a;sociated lEa:! can be mobiliZEd 
a:; a function of flow rate and turbulence in certain water 
chemistries, though studies have not developed predictive 
relationships to premise plumbing material, s::ale composition, 
and hydraulic flow charocteristics.6

·
10 

-
15 To try to ochieve the 

most aggreBive high flow conditions under rEEiistic field 
conditions, residents were instructed to collect all S3111ples by 
slowly opening the cold water kitchen tap until fully open. 
Upon receipt, the s:rnples were inspected by EPA for visible 
particulate matter prior to delivery to the laboratory. 

For all first-draw S3111ples, rESidents were instructed not to 
usa any water throughout the household (i.e., no showering, 
Wffihing clothes/dishes, flushing toilets, etc.) during the 
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Figure 1. First round 163d results for all sites. 

minimum mandatory 6-h stqJnation period. In this study, PF 
s:rnples include a flush of at lEaSt 5 min prior to the mandatory 
minimum 6-h st<{lnation period. A NHU s:rnple had no 
preflushing prior to the mandatory minimum st<{lnation period. 
Residents were instructed to allow the water to sit motionless 
in the household plumbing a minimum of 6 h, but not more 
than 24 h, and to record the dates/tirre; the taps were flushed 
prior to the st<{lnation period, and the dates/tirre; s:rnples 
were collected following the st<{lnation period. First-draw 
s:rnples using both variants (NHU and PF) were collected in 
the first and third rounds of monitoring in March/April and 
September/October, respectively. Additionally, 45-s flushed 
s:rnples were collected in the first round to evaluate whether a 
s:rond-draw S3111ple more accurately captured the le.tel of 
corrosion. Thrre-min, 5-min, and 7-min flushed S3111ples were 
collected in the third round ofS3111pling to provideguidanre to 
volunteers when high lead le.tels were found (SI Table 87). 
This information can also be used to provide site-specific 
guidanre on minimum flushing tirre; necessary to redure 
consumer exposure to lead in drinking water. 

In the first round ofs:rnpling, m:;h resident collected a NHU 
first-draw S3111ple and then a s:rond-draw ( 45-s flushed) S3111ple 
after allowing the water to run for 45 s. On the s:rond day, 
residents collected a PF first-draw S3111ple and then a s:rond 
45-s flushed samrle. EPA's current Public Notification 
Handbook advis:s1 residents to run the water 30 s or until 
it turns cold before consuming, if the water ha5 not been used 
for an unspecified "extended period of time", which can result 
in higher lead le.tels at the tap for consumers. It ha5 also been 
pre.tiously demonstrated that in some situations, this advioe can 
cause residents to consume the worst-case water sitting 
st<{lnant in the LSL.17 (Figure 1) 

Sites 14, 15, 16, and 37 were verified as not having LSLs and 
were excluded from further s:rnpling. Site 2 was verified a; not 
having a LSL following the • .lme 33quential s:rnpling and was 
excluded from the final round of monitoring. The 45-s flushed 
s:rnpling was dis::ontinued following the March/ April s:rnpling 
first round due to the presence of se.terely corroded galvanized 
pipe in some of the residences (SI Figure S4) which redured 
the inner pipe diameter, restricting water flow and resulting in 
varying volurre; of water flowing through the plumbing for the 
same flush time. 

In June 2011 , m:;h resident collected a total of twelve PF 
33quential s:rnples in one day of s:rnpling. The first PF 
33quential S3111ple was also the PF first-draw S3111ple for the data 
analysis. All S3111ples were analyzed for lead, copper, zinc, and 
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iron. The co-occurrenre of the metals, along with plumbing 
details, was used in qualitative a:;se;srrents to correlate lead 
results with potential sources of lead in the plumbing network 
(SI Figure 93).4•

10 

In September I October 2011, a:£h resident collected a N H U 
first-draw s:rnple, and a minimum of 11 PF 33quential 1-L 
S3111ples. Sites with high lead le.tels in the pre.tious rounds 
collected an additional 3 or 4 PF 33quential s:rnples, and one 
site with a very long LSL (159ft, 48 m) collected an additional 
9 PF 33quential S3111ples. The additional PF 33quential s:rnples 
were collected to determine the point at which lead le.tels 
consistently dropped below the AL. All S3111ples collected are 
included in the S3111pling summary with the numbers and types 
of s:rnples collected at m:;h site (SI Table 83). 

Most st<{lnation tirre; were relatively consistent acrOffi most 
sites at betwEen 6 and 8.5 h, and all but two sites had st<{lnation 
tirre; betwEen 6 and 9 h 10 min, which focilitated unadjusted 
comparisons (SI Table 93c). 

Additional flushed S3111ples were collected in September/ 
October for high lead sites in order to provide residents with 
guidanre on minimizing lead le.tels in their drinking water. 
Recomrrended minimum flushing tirre; were then estimated 
l:e:ed on the lead levels and LSL lengths. These results are 
included in the Supporting Information, but not dis::us.c:ed here. 

Sample Analyses. All S3111ples were visually inspected for 
particulate matter prior to delivery to the EPA ChiCqJO 
REgional Laboratory. Srnples were preserved upon receipt by 
the laboratory using conrentrated nitric acid to pH <2 and held 
for a minimum of 24 h prior to analysis.18 The laboratory's 
Reporting Limits (RL) for lead, copper, and zinc in drinking 
water S3111ples, using EPA Method 200.8, are 0.5, 1, and 10 IJg/ 
L, respectively. The laboratory's RL for iron in drinking water 
S3111ples, using EPA Method 200.7, is 80 1-Jg/L. Additional 
laboratory information is included in the Supporting 
Information. 

1111111111111111 

Both Variants of the First-Draw Protocol Significantly 
Underestimated Peak Lead Levels, and the NHU First
Draw Protocol Yielded Higher Results Overall than the 
PF First-Draw Protocol. The 90th percentile lead values for 
all three rounds of first-draw S3111pling using both variants were 
slightly higher than ChiCqJO's historical complianre results, but 
still fell well below the lead AL (SI Table S4b ). Only 2% of the 
total number of first-draw S3111ples (3 of 151) exceeded the AL 
despite the presenre of lead le.tels well above the lead action 
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Comparison of System 90th Percentile Compliance Data with 
Percentile and Maximum 

10 

Figure 2. Comparison of OOth percentile LCR compliance data to OOth percentile values from LSL s:mples (a::r035 sites by liter) and rraximum 
values from LSLs. The green dashed line indicates the~ 90th percentile compliance monitoring value for Chiccgo l::etv\€en 1999 and 2010 of 6 
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Figure 3. LSL results were highly varicble within a:d1 LSL and from site to site. Error tars represent 1 standard deviation. 
------·-·----- -------------- --------------------- -----------------

le.tel within the service lines a5 indicated by the 45-s flushed 
results in the first round of monitoring and 33quential s:mpling 
results in the s:rond and third rounds. 

In contrESt, if the 90th percentile value of a:dl of the 
suro:ssive 33quential liter s:mples from the LSLs is computed 
a::ross all S3111pling sites, the lEal levels were up to four times 
higher than ChicaJO's averq:Je OOth percentile value using FD 
s:mples. Sol'l"B pEEk values for m:;h 33quential liter calculated 
ocross all s:mpling sites were over twice the lEal ALand up to 
six times higher than the regulatory compliance data (Figure 2). 
In sumrrnry, 69 of 336 (21%) of the individual 33quential 
s:mples collected in J.me and 75 of 319 (24%) of 33quential 
samples in September/October exceeded the lead AL, 
indicating that current s:mpling protocols will often consid
erably underestimate the pEEk lEal le.tels and overall mobi I i:zed 
rre;s of waterborne lEal in a system with lEal service lines. 

The NHU results were nul'l"Brically higher overall than the 
corresponding PF values for most sites, but the ditaences were 
not statistically significant. The PF first-dra.N protocol produced 
lower individual results than NHU first-dra.N protocol in 23 of 
32 S3111ple pairs in March/ April, and 20 of 27 s:mple pairs in 
Sept/Oct (SI Table S4a). Although NHU first-dra.N s:mples 
were collected without directing the residents to flush the tap 
prior to the stagnation period, NHU can involve showering, 
Wa5hing dishes, or doing laundry a short til'l"B prior to the 
stq]nation period, which could clear the lEal from the pipes 
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similar to preflushing the tap. Thus a NHU S3111ple can be 
efi:ctively the S8l'l"B a5 a PF S3111ple and yield similar results. 
Since the 33quential S3111pling results from thEse S8l'l"B sites 
show that there is much higher lEal present within the LSL at 
the S8l'l"B til'l"B that the NHU and PF first-dra.N S3111ples were 
collected, it stands to reESOn that if the N H U octivities were not 
undertaken, and a larger S3111ple set were used, the NHU 
S3111ples would yield results that were statistically higher than 
the corresponding PF s:mples. The distance from the kitchen 
tap to the bEginning of the LSL WES highly variable, ranging 
from approxirmtely 3 to 87 fEet (0.9 to 27 m), and the 
m:a:;ured LSL lengths ranged from 43 to 159 fEet ( 13 to 48 m). 
Con33quently, for sites with shorter total plumbing lengths, the 
initial and final 33quential s:mples would include relatively 
uncontaminated water from the water rmin following the 5-min 
tap preflushing. The:e S3111ples would contain little to no LSL 
lEal contribution, consistent with plurntxmlvency and radial 
diffusion/flow principles.5•

19
•
20 A targeted LSL S3111pling 

protocol irolating only LSL contoct water would likely yield a 
higher percentage of results above the lEal AL for systems with 
Pb( II) pipe s::ale chemistry, but the specific location of the pEEk 
lEal levels will necESSarily vary with premise plumbing 
configurations. 

Seasonal Variability. In a site-by-site compariron, lEal 
concentrations were higher in Sept/Oct than in Mar/Apr or 
June, with the starkest statistical ditaence betwEen first-dra.N 
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Figure 4. Avercge lem levels at disturb:d and undisturb:d sites. Error tars repre:ent 1 standard deviation. 

NHU sanples collECted in Mar/April and Sapt/Oct (p = O.D3 
for two-tailed paired Student's t-test). Overall, 68% and 69% of 
NHU and PF first-dravv S31llples, respECtively, \t\18re higher in 
Sapt/Oct than in Mar/Apr, while 55% of paired sequential 
sanples \t\18re higher in Sept/Oct than in June. SEasonal 
variation in lEal le.tels consists of multiple contributing fc£tors 
from the sourre water through the premise plumbing which 
could not be precisely isolated in this study, but the results in 
this study are consistent with other findings on 93:EOnal 
variability (SI Table S6d).21 Factors include (1) water 
temperature, (2) water chemistry variation, and (3) fluctuations 
in water t..f:aJ8 for Sept/Oct versus June, which could incra:se 
or ciECrea3e lEal levels.22

•
23 

Lead Concentrations Vary Throughout Each Individ
ual LSL and among Different LSLs Across the System. 
There was a high degrre of variability in sequential S31llple 
results at most sites, SOI'l'B of which could include a particulate
bound component as reflected in spikes in SOI'l'B sequential 
sanpling results (SI Figures S9-S40). For most sites, no 
individual S31llple result from within the LSL can characlerize 
the lEal concentrations at the site. Within the complete 
sanpling profile results, lEal le.tels at most sites ranged from 
well below to \t\1811 above the AL (Figure 3). Under the LCR, 
this would rrmn that a system would rrret the action level and 
have no additional regulatory requirn!'T'Bnts or would 6<ceed the 
AL and be required to implel'l'Bnt additional requirn!'T'Bnts, 
depending on which S31llple result is selected as thecomplianre 
sanple. The variability within sites and betwren sites is similar 
in trend to that found in several other studies reporting 
sequential sanpling conducted in water systems with difffent 
corrosion control strategies and chemistries from 
CDWM.1,4,10,12,14,15,24 -21 

Additional compliance data from a SErond large utility (City 
B) which 6<ceeded the lEal ALand conducted S31llpling usin~ 
the temperature change LSL S31llpling protocol in the LCR, 
yielded similar variability across the system (SI Figure S8 and 
Table 89). A total of 1975 LSL sites were sanpled, with 1762 
results (89%) below the IEEe! AL; 128 results (6.5%) from 16 to 
30 IJg/L; 57 results (2.8%) from 31 to 50 IJg/L; and 28 results 
(1.4%) between 51 and 580 IJg/L This LSL sanpling protocol 
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is similarly vulnerable to low biases, although many results were 
considerably higher than the AL (SI Figure S8). 

Factors Affecting Lead Levels. The majority of high lEal 
results occurred at sites with a documented physical 
disturbanre of the LSL betwEen 2005 and 2011 (Figure 4 ). 
The actual extent to which the LSL was physically disturbed is 
unknown for all sites, and the records of disturbances are bcsecl 
on information provided by CDWM and by the sanpling 
voluntrers (SI Figures S9 -540). 

For the purpose of this study a physical LSL disturbanre is 
defined as a !'l'Bter installation or replacerrent, auto!'l'Bter
rEEC!er (AMR) installation, servire line look repair, ooernal 
servire shut-off valve repair or replacerrent, or significant strret 
6<cavation directly in front of the hol'l'B that could disturb the 
LSL An "undisturbed" site is an un!'l'Btered site where neither 
the CDWM nor resident have a record or recollECtion of any 
disturbanre, as defined above. A third category, "indetermi
nate'', is used for thrre sites where CDWM has no record of any 
LSL disturbanre, and the resident did not provide a response as 
to whether there has been any LSL disturbanre. Cross-chocking 
was important bECat.re information provided by voluntrers in 
SOI'l'B ccses contradicted CDWM records, and upon further 
investigation, the records \t\18re found to be incomplete and 
\t\18re corrected, which resulted in reclassification of the site. 

Of the 13 disturbed sites, 11 sites had 3 or more sequential 
S31llpling results above the lEal AL, two sites had 2 results 63Ch 
above the AL, and one site had no results above the AL Of the 
16 sites with no known disturbanre, only thrre sites had any 
results above the lEal AL In the remaining 3 "indeterminate'' 
sites, 30 of 81 sanple results (37%) \t\18re above EPA's lEal AL 
(Table 2). 

A rerent AWWA publication on the state of water 
infrastructure highlights the nred for major infrastructure 
work.28 This flEJOOE3ry infrastructure work will potentially 
incra:se the incidenre of~ to the protoctives::ales within 
LSLs as this work is performed. Inevitably, thEse physical LSL 
disturbances will continue to occur with incra:sed frequency as 
part of daily routine water system maintenanre and nonwater 
related community infrastructure work. 
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Table 2. Lead Results for Disturbed, Undisturbed, and 
Indeterminate Sitesa 

disturbed sites undisturbed sites indeterminate sites 

no. no. no. 
no. no. above no. no. above no. no. above 

sites samples AL sites samples AL sites samples AL 

13 327 117 16 372 6 3 81 30 

% samples over AL: % samples over AL: 2% % samples over AL: 
36% 37% 

a Mast 163d res.llts above the AL were found at sites with LSL 
disturtanc:es. Additional results above the AL were also found at sites 
where the status of the LSL ( disturt:ed or undisturt:ed) could not be 
oonfirrn:d. Sites without LSL disturtances had few if any results above 
the AL. 

Possible Implications of Water Conservation and Use. 
Information provided by CDWM and volunteers anexlotally 
St..q:JESts that low water 1..1SaJ8 may also play a role in high lead 
le.tels at some sites. Of the four locations with the highest 
averqJelead le.tels, thrre (Sites 1, 29, and 10) had documented 
low water LJS:{I8. Site 1 had averqJe monthly water 1..1SaJ8 of 
3444 gallons (13037 L) which dOES not appEEr to be low 
LJS:{I8. HOWe.ter, information provided by the resident indicates 
that the majority of the monthly water 1..1SaJ8 occurs during a 
relatively small number of days during the month when there is 
a high volume of water LJS:{I8. Site 29 had averqJe monthly 
LJS:{I8 of 1826 gallons (6912 L), and Site 10 had an averqJe 
LJS:{I8 of 1438 gallons/month (5443 Llmonth). For compar
ison, the mean single-family household water usage is 
approximately 8582 gallons/month (32486 L/month), with a 
sizable standard de.tiation.29 

In two locations (Sites 17 and 5), lEa:! levels decra:m:::l with 
an incra:re in water 1..1SaJ8. As water 1..1SaJ8 approximately 
doubled at Sites 17 and 5, maximum IEH!Ie.tels from sequential 
s:rnpling decra:m:::l from 25 to 5.51-Jg/L and from 17 to 121Jg/ 
L, respectively. Although this reprESellts a small set of s:rnples, 
the:e observations support the idEE that higher lEa:! levels can 
be a:;sociated with low water I..ISaJ8.30 

Extrapolating from prior rES:Erch suggests the necESSity of 
consistent flow to deliver corrosion inhibitor efi:ctively into 
pa:sivating films,31 and correlates incra:red inhibitor d~ 
with reduced lEa:! rela:re. 10

•
32

-
35 Low water LJS:{I8 may inhibit 

hEEling of the damaged s:::ales, and influence the rate of galvanic 
corrosion. water 1..1SaJ8 efi:cts cannot be separated from other 
s:a3Jnal efi:cts in this study, but prior literature and the 
combined sequential graphs showing entire profiles shifted up 
or down from the .. lme to Sapt/Oct S31llpling suggest further 
investigation is warranted (SI Figures S9-S40). As conserva
tion efforts incra:re, it will become incf"Effiingly important to 
conduct further resESrch on the relationship between water 
LJS:{I8 and i ncra:res in lEa:! le.tels. 

The results in this study also indicate that more appropriate 
flushing guidance must be developed, based on neighborhood 
and premise plumbing characteristics, and whether a home ha5 
a LSL or not. Much of the current published and web-based 
flushing guidance inadvertently incra:res the risk of exposure to 
elevated lead le.tels by ciEEring an insufficient amount of water 
volume.17 Even fully flushing LSLs may only lower lEa:! le.tels 
to a limiting, rn:asurable lead le.tel, that relates to the 
plumbosolvency of the water, the flow rate, the length and 
internal diCJTBter of the pipe,5 -

7
•
10

•
19

•
20 and possibly ett:cts of 

prior disturbances (SI Table ST). 
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Risk Identification and Management. Recently, CDC 
iSSLEd a hEEith alert a:;sociating higher ele.rated blood lEa:! 
levels with partial LSL repla::arent,36 and also concluded that 
LSLs were an independent risk foctor for ele.rated blood lEa:! 
levelse.ten when lead le.tels in drinking water met the LCR lEa:! 
AL of O.D15 mg/L.37 As highlighted in this study, LSLs can 
contribute high lead when they are disturbed in many difuent 
ways, not just due to partial LSL repla::arent, and water LJS:{I8 

may also play a role in the resultant high lEa:! levels and 
potential incra:red human exposure. In an August 2012 update 
on lEa:! in drinking water and blood lEa:! levels, the CDC notes 
that "The ra:mt I Em 111 a idations fran the CDC AdvisJry 
Ccmnitlffi m Childhood LEad R:)is:Jnirg Pra.mtim to rEdUB or 
eliminale IEEd SJUra:s for child~m l:efore trey are exp:m:l 
ui"1Ci3rs:Dre the rm::l to rEdUB IEEd <DilBltrations in drinkirg 
waler as m..dl as p:l'Eible''.38 

As the ultimate human and environmental hEEith goal, LSLs 
should be completely removed where possible. The stability of 
the protective s:::ales within LSLs depends on many foctors 
which can change over time. For E003111ple, chang:s to water 
quality or trEEtment have resulted in high lEa:! levels over a 
sustained period of time (yEErs).10

•
39

-
41 Under the current 

regulatory frarn:work, elevated lEa:! le.tels from disturbances, 
water quality, trEEtment, or water LJS:{I8 chang:s can potentially 
go undetected for up to 3 yEErs between LCR compliance 
monitoring periods, which can result in incra:m:::l public 
exposure over a significant period of time. 

Proper selection of S31llpling sites, s:rnpling protocol, and 
other site conditions is critical for evaluating the amount of lEa:! 
corrosion and rela:re that is occurring in the distribution 
system. Suca:ffiful optimization of the plumbosolvency trEEt
ment depends on an a:;curate understanding of the corrosion 
mechanisms, pipe s:::ale mineralogy and structure, and the 
consequences of LSL disturbances and water conservation 
efforts. No published studies could be found that systematically 
investigated the time and inhibitor doses/water quality 
adjustments na::eE3ry to overcome the disturbances and 
damage to the lEa:! pipe s:::ales that will be routinely occurring 
throughout cities acra;s the U.S., as long as full or partial lEa:! 
service lines remain in service. 

Analyse; of the Chicago LSL s:::ales by EPA (to be reported 
elsewhere) reJEEI that the surfoce coatings on both lEa:! service 
line and galvanized interior pipes from CDWM are primarily 
compa;ed of amorphous aluminum, calcium, and phosphorL& 
rich deposits, and not crystalline lead(ll) (or zinc)
orthophosphate phasEs that are predicted by conventional 
divalent lead plumbosolvency theory for orthophosphate 
dosing.10

•
33

•
42 An understanding of the s:::ales is ESSential to 

study and implement procedures and stratEgies for efi:ctive and 
timely repair of the protective s:::ales damaged by LSL 
disturbances, and to minimize the public's exposure to high 
lead levels that can result from damaging the scales. 
Experimental e.raluations are critical when s:::ale compositions 
fall outside the s:;ope of well-understood predictive corrosion 
control practices. 
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The Lead and Copper Rule (LCR) is a treatment technique regulation that requires all public 
water systems to optimize corrosion control and utilizes tap sampling for lead and copper to 
determine whether additional actions need to be taken by the system. It is important to note that 
the sampling conducted under the LCR is not designed to evaluate individual consumers' lead 
exposure or risk and that the lead action level (AL) was not established as a health-based 
number. The lead AL is the level which EPA determined in 1991 that systems could feasibly 
meet, taking into account the available treatment technologies and the cost of those treatment 
technologies. The lead AL should not be viewed or used as a threshold value to determine 
whether the water is safe or unsafe to drink, and it should be reiterated that the EPA and CDC 
have determined that there is no safe level of lead exposure (i.e., no level at which there is not an 
adverse effect). 

Tap sampling conducted under the LCR is intended to measure the amount of lead and copper 
corrosion that is occurring in public water systems using worst-case site selection and a specified 
sampling protocol. The sampling protocols in the current LCR were established in 1991, based 
on the existence of many potential sources of lead throughout the water distribution system, 
including lead service lines connecting the water main to the homes, leaded- solder used to join 
copper pipe, and leaded-brass devices, such as meters, brass connectors and shut-off valves, 
faucets and fixtures. The current LCR sampling requirements are prescriptive and based on the 
relative significance of lead sources in 1991. The sequential sampling protocol (described below, 
and in the accompanying paper) that resulted in capturing the highest lead, as well as the sample 
results themselves, are not allowed to be used in the current compliance calculation. 

The LCR utilizes a combination of: worst-case site selection (sites expected to yield the highest 
lead results); sampling protocols used to capture the highest lead; and repeated sampling at the 
same sites in order to measure the level of lead corrosion that is occurring throughout the water 
distribution system. Utilizing this sampling structure allows U.S. EPA to keep the sampling 
burden on public water systems manageable, while still accomplishing the objectives of the 
sampling under the LCR. Absent these key components, the number of samples needed to 
accurately assess system-wide corrosion would necessarily need to increase substantially to 
accomplish the objectives of the LCR. 

The action level for lead is 0.015 mg/L, but is presented here as 15 Jlg/L for the purpose of using 
consistent units for the data. An exceedance of the lead AL based on the sampling triggers 
specific actions that a public water system must undertake to protect public health, such as 
installing or adjusting corrosion control treatment and providing public education. Additionally, 
where the corrosion control treatment has proven ineffective at lowering lead levels below the 
lead AL, the removal of lead service lines is triggered. There are many different corrosion 
mechanisms and factors that govern lead corrosion. The selection of sampling sites, sampling 
protocol, and site conditions are essential components for evaluating the level of corrosion that is 
occurring in the distribution system, regardless of the mechanism(s) or contributing factor(s). It 
is therefore critically important that the sampling protocol accurately portray the level of 
corrosion that is occurring. 
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Lead Service Line and Plumbing Information 

As part of the sampling protocol, residents were asked to provide a plumbing profile (figure S 1 ), 
describing their internal plumbing, and identifying the location of the kitchen tap, and shut-off 
valve/meter. 

Home Plumbing and Service Line Diagrams 
Below there are 4 diagrams for common household plumbing configurations and the 5th diagram is blank. Please 
review the diagrams and select the diagram that best matches the plumbing configuration for your home. Each of 
the diagrams shows where the water service line comes into the home and where the kitchen tap is located. If none 
of the four diagrams matches your home, use the blank diagram (number 5) to draw where the water service line 
comes into your home and where your kitchen tap is located. If you do not know where the service line comes into 
the home, you can note that in your Home Plumbing description below. 

Note: Some homes have water meters and some do not. On the diagrams below, if you do not have a water meter, 
pick the diagram that matches where your service line comes into your home and where the kitchen tap is, and cross 

out the meter symbol 

Home Plumbing Description: In the space below, please describe your home plumbing as best you can, from the 
point at which the water service line comes into your home to the location of your kitchen tap (length of pipe, 
diameter of pipe, pipe material, etc.): 

Figure Sl: Plumbing Profile Diagram 
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Table S 1 contains a summary of the LSL information for each sampling site. Due to the site
specific plumbing characteristics, the liter which first begins to capture LSL water at each site 
was expected to be variable, as was the liter which would begin to collect uncontaminated water 
from the water mains. The study findings regarding whether the current sampling protocol is 
capturing the corrosion that is occurring are not affected by this limitation. 

Site 
LSL Length LSLEnd 

Site 
LSL Length 

LSL End Point ft (meters) Point ft (meters) 
1 89(27.1) BFW 22 65 (19.8) IFW 
3 73 (22.3) IFW 23 66 (20.1) IFW 
4 Unknown Unknown 24 56 (17.1) IFW 
5 80 (24.4) IBW 25 70 (21.3) IFW 
6 60 (18.3) IFW 26 66(20.1) IFW 
7 59+ (18.0+) BFW 27 47+ (14.3+) Unknown 
8 57 (17.4) IFW 28 61+ (18.6+) Unknown 
9 102 (3l.l) BFW 29 159 ( 48.5) BFW 
10 48+ (14.6+) IFW 30 49+ (14.9+) Unknown 
11 50 (15.2) IFW 31 71 + (21.6+) IFW 
12 53 (16.2) IFW 32 43(13.1) IFW 
13 49+ (14.9+) Unknown 33 43+(13.1+) IFW 
17 58+ (17.7+) Unknown 34 Unknown Unknown 
18 76 (23.2) IFW 35 80 (24.4) BFW 
19 63(19.2) IFW 36 110 (33.5) IBW 
21 46 (14.0) IFW 38 51(15.5) IFW 

IFW = LSL ends just inside the front wall 
IBW = LSL ends just inside the back wall 
BFW = LSL ends at an unknown distance beyond the front wall 
+ = Indicates that the LSL was measured from the water main to the front the home, and it 
is not known whether the LSL extends beyond the front wall of the home. 
Table Sl: LSL Lengths- The length of the LSLs for most sites were measured and are presented in this table. The 
LSLs for two sites (site 4 and site 34) were not measured. 

Figure S2: LSL Bulb 
Figure S3: LSL segment (3/4 inch I 1.91 em Figure S4: Severely corroded galvanized 
diameter) iron pipe. 
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Figure S2 shows a typical LSL in Chicago coming up from the foundation of the basement. The lead service line is a 
dull gray and easily scratched with a key. The soft LSL is typically soldered to the interior (household) plumbing, 
leaving a characteristic bulb. The LSL can also be connected to household pipe using a brass compression fitting. 

Figure S3 is a close-up of a 3/4 inch (1.91 em) diameter LSL, showing the thickness of a typical LSL. 

Figure S4 is a cross-section of a severely corroded galvanized pipe from one of the sample sites. In this photograph 
the inner diameter is significantly reduced which affects the volume of water that will flow through the pipe in a set 
amount of time. For homes with corroded galvanized pipe, water will flow slower through the pipe and longer 
flushing times are generally needed to flush the lead from the plumbing. 

City Information 

Samples were collected from 32 single-family homes in Chicago with LSLs. Twenty-three 
homes were in the Jardine Plant service area and nine homes were in the South Plant service 
area. 

Site# Home Built Service Area 
01 1893 Jardine 
03 1960 Jardine 
04 1941 South 
05 1901 South 
06 1953 Jardine 
07 1900 Jardine 
08 1941 Jardine 
09 1920 Jardine 
10 1943 Jardine 
11 1912 Jardine 
12 1952 Jardine 
13 1950 South 
17 1907 Jardine 
18 1953 Jardine 
19 1912 Jardine 
21 1938 Jardine 
22 1924 Jardine 
23 1944 South 
24 1906 Jardine 
25 1917 South 
26 1954 South 
27 1891 Jardine 
28 1932 Jardine 
29 1890 Jardine 
30 1954 South 
31 1923 Jardine 
32 1923 South 
33 1927 Jardine 
34 1915 Jardine 
35 1900 Jardine 
36 1957 South 
38 1927 Jardine 

Figure SS: Home age and plant service areas for sampling locations 
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Table S2 contains a summary of the City's compliance monitoring data for lead. The City 
exceeded the lead AL only once, during the July-December 1992 compliance monitoring period. 

City of Chicago (1992- 2010) 
90th Percentile Lead Values (Jt~/L) 

Monitoring Period Begin Monitoring Period End Number of Samples 90th Percentile Value 

1/1/2008 12/31/2010 50 6 

1/1/2005 12/31/2007 50 6 

1/1/2002 12/31/2004 50 4 

1/1/1999 12/31/2001 50 7 

1/1/1999 12/31/1999 50 8 

1/1/1998 12/31/1998 53 14 

7/1/1997 12/31/1997 100 11 

1/1/1997 6/30/1997 100 10 

1/1/1993 6/30/1993 100 13 

7/1/1992 12/31/1992 120 20 

1/1/1992 6/30/1992 100 10 

Table S2: City of Chicago 90th Percentile Compliance Values (1992- 2010) 

Laboratory and Analytical Information 

All samples were inspected for visible particulates prior to delivery to the laboratory. In light of 
the significant increase in visible particulate in the final round of monitoring, the presence of fine 
particulates that would readily dissolve in the nitric acid preservative should not be discounted. 
Samples collected during the final round of monitoring coincided with the Fire Department's 
annual valve exercising. Colloidal lead may explain some of the variability in lead levels 
between the June and Sept/Oct rounds. 

Laboratory blanks, laboratory fortified blanks and laboratory fortified samples were nm at a 
frequency of at least one per twenty samples. Laboratory blanks run with the samples did not 
have any detections of lead above the reporting limit and all Laboratory fortified blanks and 
laboratory fortified samples had recoveries greater than 90%. 

All laboratory instrumentation was inspected and maintained according to Chicago Regional 
Laboratory maintenance protocols, and calibrated daily according to Chicago Regional 
Laboratory standard operating procedures. 

The Chicago Regional Lab Quality Assurance (QA) Contact performed a data quality assessment 
on the results based on laboratory blanks, laboratory fortified blanks and matrix spikes. The QA 
Contact identified no biases in the sample results due to these quality control measurements. 

Sampling Summaries 

Sample site summary table - A summary table of the types of samples collected at each 
site, for each sampling protocol is presented in Table S3 below. The highlighted rows for Sites 2, 
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14, 15, 16 & 37 were confirmed not to have LSLs and Site 20 is the same residence as Site 21 
(Kitchen tap and bathroom tap). Following the first round of sampling, Site 20 (bathroom tap) 
was no longer sampled, to maintain consistency of using kitchen taps across all sites. Only 
sample results from LSL sites are presented and analyzed in the study paper. The first liter of the 
sequential samples in June and Sept/Oct also serve as the PF first-draw samples. 

Summary of Samples Collected at Each Site 

Site# 
Total# Mar/April June Sept/Oct 

Samples Day 1 Day 2 Day 1 Day 1 Day2 Day3 
01 34 A,C B,D E-12 samples A E-14 samples F,G,H 
02 16 A,C B,D E-12 samples DNS DNS DNS 
03 30 A,C B,D E-12 samples A E-ll samples F,G 
04 16 A,C B,D E-ll samples DNS DNS DNS 
05 28 A,C B,D E-12 samples A E-ll samples DNS 
06 28 A,C B,D E-12 samples A E-ll samples DNS 
07 35 A,C B,D E-12 samples A E-15 samples F,G,H 
08 35 A,C B,D E-12 samples A E-15 samples F,G,H 
09 30 A,C B,D E-12 samples A E-ll samples F,G 
10 34 A,C B,D E-12 samples A E-14 samples F,G,H 
11 30 A,C B,D E-12 samples A E-ll samples F,G 
12 34 A,C B,D E-12 samples A E-14 samples F,G,H 
13 16 A,C B,D DNS A E-ll samples DNS 
14 4 A,C B,D DNS DNS DNS DNS 
15 4 A,C B,D DNS DNS DNS DNS 
16 4 A,C B,D DNS DNS DNS DNS 
17 34 A,C B,D E-12 samples A E-14 samples F,G,H 
18 30 A,C B,D E-12 samples A E-ll samples F,G 
19 27 A,C B,D E-12 samples DNS E-ll samples DNS 
20 4 A,C B,D DNS DNS DNS DNS 
21 28 A,C B,D E-12 samples A E-ll samples DNS 
22 28 A,C B,D E-12 samples A E-ll samples DNS 
23 30 A,C B,D E-12 samples A E-ll samples F,G 
24 33 A,C B,D E-12 samples A E-14 samples F,G 
25 16 A,C B,D E-12 samples DNS DNS DNS 
26 30 A,C B,D E-12 samples A E-ll samples F,G 
27 33 A,C B,D E-12 samples A E-14 samples F,G 
28 30 A,C B,D DNS A E-ll samples F,G 
29 40 A,C B,D E-12 samples A E-20 samples F, G,I 
30 18 A,C B,D DNS A E-ll samples F,G 
31 31 A,C B,D E-12 samples A E-12 samples F,G 
32 28 A,C B,D E-12 samples A E-ll samples DNS 
33 33 A,C B,D E-12 samples A E-14 samples F,G 
34 18 A,C B,D DNS A E-ll samples F,G 
35 30 A,C B,D E-12 samples A E-ll samples F,G 
36 30 A,C B,D E-12 samples A E-ll samples F,G 
37 4 A,C B,D DNS DNS DNS DNS 
38 16 A,C B,D E-12 samples DNS DNS DNS 

A ~ NHU First-draw Sample F ~ 3-minute Flushed Sample 

B ~ PF First-draw Sample G ~ 5-minute Flushed Sample 

C ~ NHU 45-Second Flushed Sample H ~ 7 -minute Flushed Sample 

D ~ PF 45 -Second Flushed Sample I~ 10-minute Flushed Sample 

E ~ Sequential Sample DNS ~ Site did not sample 

Table S3: Smmnary of samples collected at each site usmg each samphng protocol. 
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First-draw and 45-secondjlushed samples- Results for first-draw and 45-second 
flushed samples using the normal household use (NHU) and pre-flushed (PF) sampling protocols 
are presented in Table S4 below. 

In addition to the first-draw samples, a 45-second flush sample was collected by nmning the 
water for 45 seconds immediately following the collection of the NHU first-draw and PF first
draw samples during the March/ April sampling. Overall, the 45-second flush sample results were 
higher than the first-draw results, and yielded a higher percentage of results above the lead AL. 
A total of32 NHU/45-second flushed and 32 PF/45-second flushed samples were collected, with 
6 NHU 45-second flushed results above the lead AL (19%), and 5 PF/45-second flushed results 
above the AL (16%). The total number of 45-second flush sample results above the lead AL was 
11 of 64 (17% ); a percentage significantly higher than the first-draw results (2% ). 

First-draw and 45-second Flushed Sample Lead Results (J.Lg!L) 

B = PF First-draw Sample DNS = Site did not sample 
C = NHU 45-Second Flushed n =number of collected 

Table S4a: First-Draw and 45-Second Flushed Sampling Results. Samples that were above the lead AL are in bold, 
and samples that contained visible particulates are shaded yellow. 
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Summary ofNHU and PF First-Draw Results 
NHU PF PF NHU 

(Mar/Apr) (Mar/Apr) (June) (Sept/Oct) 

8 7 8 10 

32 32 28 29 

0 0 0 2 

PF 
(Sept/Oct) 

9 

30 

1 

Table S4b: Comparison ofLCR-equivalent 90th percentile results using alternative first-draw protocols. 

Sequential sampling results (June 2011)- The sequential sampling approach provided a 
more reliable (volumetric) method for assessing corrosion as compared to a flushed (time-based) 
approach. Attempting to characterize the flow at each site would require an evaluation of the 
plumbing materials and dimensions, as well as the condition of the plumbing materials at each 
site, is not a feasible or reliable protocol for compliance monitoring. 

The results of the each liter in the sequential sampling conducted in June are tabulated below in 
Table S5 by site. 
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Table SS: Smrunary of June Sequential Sampling Results. Samples that were above the lead AL are in bold, and 
samples that contained visible particulates are shaded yellow. 

Sequential Sampling Results (September and October 2011)- The results of the each 
liter in the sequential sampling conducted in September and October are tabulated below in 
Table S6 by site. Considerably more sample results contained visible particulates than in 
previous rounds. The presence of particulates may be a result of the Chicago Fire Department 
exercising valves during the time period when samples were being collected. 

All sites collected at least 11 sequential samples, and some sites with high sample results in June 
collected additional samples. The additional sequential sample results are included here but were 
not included in the data analyses, since extra samples were collected only from sites with high 
lead. A review of the data, including and excluding these additional results was performed to 
ensure that a bias has not been introduced, and the review indicates that the study findings are 
not significantly affected by including or excluding the data. With the additional 39 samples 
included, a total of 80 of 3 58 sample results (22%) exceeded the lead AL. Using only samples 1 
through 11 from each site, a total of 7 5 of 319 sample results (24%) exceeded the lead AL. For 
the purpose of the data analyses, the first liter sample from the sequential samples in June and 
Sept/Oct also serve as the first-draw PF sample. 
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Table S6a: Summary of September /October sequential sampling results used in data analyses. Samples that were 
above the lead AL are in bold, and samples that contained visible particulates are shaded yellow. 
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Site 12 
01 13.9 
03 --
05 --
06 --
07 12.7 
08 12.8 
09 --
10 --
11 --
12 6.98 
13 --
17 2.84 
18 --
19 --
21 --
22 --
23 --
24 12.8 
26 --
27 16.0 
28 --
29 11.1 
30 --
31 4.17 
32 --
33 12.4 
34 --
35 --
36 --

Min 2.84 

Max 16.0 
Ave 10.6 

90th o/oile 13.9 

EPA FOIA Production 12/12/2016 
Flint Water Documents 

Sept/Oct Sequential Sampling Results by Site/Liter (Jtg/L) 
Liter 

13 14 15 16 17 18 
14.1 11.7 -- -- -- --
-- -- -- -- -- --
-- -- -- -- -- --
-- -- -- -- -- --

9.29 6.52 6.03 -- -- --
9.34 7.93 6.27 -- -- --

-- -- -- -- -- --
27.1 21.1 10.7 -- -- --

-- -- -- -- -- --
3.28 2.04 -- -- -- --

-- -- -- -- -- --
2.62 2.59 -- -- -- --

-- -- -- -- -- --
-- -- -- -- -- --
-- -- -- -- -- --
-- -- -- -- -- --
-- -- -- -- -- --

15.3 15.4 -- -- -- --
-- -- -- -- -- --

12.8 9.24 -- -- -- --
-- -- -- -- -- --

10.1 9.21 9.01 9.29 8.99 8.77 
-- -- -- -- -- --
-- -- -- -- -- --
-- -- -- -- -- --

11.5 10.1 -- -- -- --
-- -- -- -- -- --
-- -- -- -- -- --
-- -- -- -- -- --

2.62 2.04 6.03 9.29 8.99 8.77 
27.1 21.1 10.7 9.29 8.99 8.77 
11.5 9.58 8.00 9.29 8.99 8.77 
15.3 15.4 10.7 9.29 8.99 8.77 

19 20 
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --

8.73 8.39 
-- --
-- --
-- --
-- --
-- --
-- --
-- --

8.73 8.39 
8.73 8.39 
8.73 8.39 
8.73 8.39 

Table S6b: Smrunary of Supplemental September/October sequential sampling results not used in data analyses. 
Samples that were above the lead AL are in bold, and samples that contained visible particulates are shaded yellow. 
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Stagnation Times - Volunteers were asked to record the date and time water was last used, and 
the date and time when sampling began for each set of samples. Table S6c is a summary table 
which contains the stagnation times for the sequential samples, which is the amount of time the 
water sat motionless in the household prior to sample collection. 

Sample Collection Stagnation Times 

June Sequential Sept/Oct Sequential 
Sampling Sampling 

Stagnation Stagnation 
Site Time Site Time 

(brs:mins) (brs:mins) 
1 6:32 1 8:04 
3 7:13 3 7:45 
4 7:06 5 7:45 
5 7:00 6 8:00 
6 9:10 7 7:13 
7 7:24 8 6:05 
8 7:35 9 7:20 
9 8:15 10 *** 
10 6:06 11 7:08 
11 7:00 12 6:26 
12 8:06 13 *** 
17 6:25 17 6:55 
18 8:43 18 12:53 
19 6:30 19 *** 
21 6:15 21 6:00 
22 6:20 22 6:15 
23 7:45 23 9:00 
24 8:33 24 7:01 
25 8:32 26 7:00 
26 7:00 27 7:45 
27 7:00 28 8:00 
29 *** 29 *** 
31 7:26 30 10:45 
32 7:13 31 7:30 
33 7:02 32 6:54 
35 7:04 33 9:06 
36 7:45 34 7:05 
38 7:13 35 6:55 

36 8:47 

***Volunteer did not record date/time the water was 
last used, but said it was the day before and was at 
least 6 hours before sampling. 

Table S6c: Smrunary of stagnation times for sequential sampling. 
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Seasonal Variability- Table S6d contains a site by site comparison oflead concentrations. 

Seasonal Variability (Spring vs. Fall & Summervs. Fall) 

First-Draw NHU 
Sept/Oct> 

First-Draw PF 
Sept/Oct> Sequential Sept/Oct> 

Mar/Apr Mar/Apr Samples June 
No. ofSample 

28 
No. of Sample 

29 
No. ofSample 

285 
Pairs Pairs Pairs 
No. Higher in 

19 
No. Higher in 

20 
No. Higher in 

156 
Sept/Oct Sept/Oct Sept/Oct 
%Higher in 

68% 
%Higher in 

69% 
%Higher in 

55% 
Sept/Oct Sept/Oct Sept/Oct 
First-Draw Samples: Mar/Apr vs. Sept/Oct (Same Site, Same First-Draw Protocol Compared) 
Sequential Samples: June vs. Sept/Oct (Same Site/Same Liter Compared) 

Table S6d: Seasonal variability effects observed. 

Flushed sample results - The results of the flushed samples collected in September and October 
are tabulated in Table S7 by site. Most sites collected a 3 minute and 5 minute flushed sample. 
Some sites collected a 3, 5, and 7 minute flushed sample; and one site (site 29) collected a 3, 5, 
and 10 minute flushed sample, due to the length of the service line (159ft I 48.5 m). 

A flushed sample is collected by fully opening the sample tap and letting the water run for at 
least five minutes prior to a minimum 6 hour stagnation period. The date and time of the PF was 
recorded. After the minimum 6 hour stagnation period, and immediately before beginning the 
flushed sample collection, the date and time were again recorded and used as the start of 
sampling. The 3, 5, 7 and 10 minutes are measured from that start time, and water was not turned 
off between samples. For sequential sampling and flushed samples, the water was not turned off 
between samples. 

EPA's current Public Notification Handbook includes instructions that advise residents to run the 
water between 30 and 45 seconds before collecting water for consumption if the water has not 
been used for an extended period of time. Running the water (flushing) for 45 seconds resulted 
in high lead levels at the tap for some sites. The flushed sampling results in this study indicate 
that EPA should develop a more appropriate flushing guidance, based on whether a home has a 
LSL or not, and the length of the LSL. 

For homes with long LSLs, such as Site 29 (159ft I 48.5 m), flushing may not be a practical way 
to reduce lead levels, as lead levels did not decline any further following 3, 5 and 10 minutes of 
flushing. In the case of site 29, residents would likely have a minimum of approximately 8 to 
11 Jlg/L of lead in the drinking water for all water consumed, and should consider installing a 
water filter or using bottled water for drinking and cooking. 
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Flushed Sample Summary Table (pg/L) 
Mar/Apr2011 Mar/Apr2011 Sept/Oct2011 Sept/Oct 2011 Sept/Oct 2011 Sept/Oct 2011 

Site NHU 45sec PF 45sec 3min Smin 7min lOmin 
01 11.3 11.9 6.48 6.97 
03 12.0 6.71 3.78 2.93 
04 6.76 2.56 
05 13.2 14.1 
06 1.90 2.13 
07 15.3 24.9 5.49 5.46 5.32 
08 32.2 28.0 8.25 5.54 5.71 
09 15.9 17.7 14.3 7.23 
10 25.0 21.6 4.95 4.30 4.09 
11 4.13 5.30 1 75 1.69 
12 17.2 5.45 1 78 1.45 1.33 
13 3.50 2.94 
17 4.00 3.70 2.88 2.76 2.86 
18 9.57 12.4 4.15 3.71 
19 4.69 8.27 
20 2.80 2.54 
21 6.87 13.8 
22 9.19 7.93 
23 13.1 11.5 5.64 
24 6.10 4.98 6.38 
25 3.75 ND 
26 3.02 3.45 5.06 3.23 
27 4.53 3.76 15.0 14.1 
28 4.99 4.70 4.82 3.26 
29 13.5 28.6 11.9 10.9 10.8 
30 12.5 6.52 5.80 4.82 
31 3.16 12.3 3.78 3.76 
32 2.29 7.82 
33 16.4 14.0 4.40 4.06 
34 1.51 3.30 1.83 1.75 
35 5.28 10.5 5.53 4.03 
36 111 8.76 7.19 5.29 
38 1.60 2.30 

NHU 45sec Samples were collected following the collection of the First-Draw NHU samples by running the water 
for45 seconds following the collectionofthe First-Draw NHU sample. 

PF 45sec Samples were collected following the collection of the First-Draw PF samples by running the water for 45 
seconds following the collection of the First-Draw PF sample. 

3min, 5min, 7min, and lOmin flushed samples were collected after pre-flushing the tap for at least 5 minutes prior to 
the minimmn 6 hour stagnation time during which no water was used in the home. Following the stagnation period 
and prior to sample collection, residents flushed the tap for 3 min to collect the 3min sample, and then an additional 
2min for the 5min sample or 4min for the 7min sample. One site (site 29) had the longest lead service line so this 
site collected a 3 min, 5 min and lOmin flushed sample (water was flushed for an additional 5 minutes following the 
collection of the 5min sample to collect the 10 min flushed sample). Water was not turned off in between samples to 
avoid the water hatruner effect. Residents were instructed to have the bottles ready to insert under the faucet at the 

time. 

Site 20 and Site 21 are the same residence. Site 20 was the upstairs bathroom and Site 21 was the kitchen sink. Note 
that neither the 45sec NHU nor PF samples from the upstairs tap captured any LSL water, while at least one of the 
kitchen tap smnples did. 

Table S7: Smrunary table of flushed sample results. Samples that were above the lead AL are in bold, and smnples 
that contained visible particulates are shaded yellow. 
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Classification of Disturbed LSL Sites - A summary of the classification of each site as 
"disturbed", "undisturbed", or "indeterminate" is presented in Table S8, along with the number 
of samples collected per site and the number and percentage of sample results above the lead 
action level. The results from the "disturbed" and "undisturbed" sites are consistent with other 
research efforts showing that LSL disturbances result in higher lead levels [1-

31 . 

Disturbed, Undisturbed and Indeterminate Site Summary 

Disturbed 
Total #Samples 

Undisturbed 
Total #Samples 

Indeterminate 
Total #Samples 

Sites 
Samples AboveAL 

Sites 
Samples aboveAL 

Sites 
Samples aboveAL 

Collected (Disturbed) Collected (Undisturbed) Collected (Indeterminate) 
01 27 16 03 27 4 12 27 17 
05 27 2 04 14 0 21 27 7 
07 27 11 06 27 0 33 27 6 
08 27 19 11 27 0 --- --- ---
09 27 15 13 15 0 --- --- ---
10 27 15 18 27 0 --- --- ---
17 27 3 19 27 0 --- --- ---
27 27 5 22 27 0 --- --- ---
28 15 0 23 27 0 --- --- ---
29 27 15 24 27 0 --- --- ---
30 15 4 25 14 0 --- --- ---
31 27 10 26 27 0 --- --- ---
35 27 2 32 27 2 --- --- ---
--- --- --- 34 15 0 --- --- ---
--- --- --- 36 27 0 --- --- ---
--- --- --- 38 16 0 --- --- ---

Totals 327 117 Totals 371 6 Totals 81 30 
% of samples above AL: 36% % of samples above AL: 2% % of samples above AL: 37% 

Table S8: Smmnary Table of Disturbed, Undisturbed and Indeterminate Sites, with the number and percentages of 
sample results above the lead AL for each site and each grouping. 

Many direct LSL disturbances are localized to a specific segment of the LSL, and yet some sites 
have higher lead levels in sample liters over a significant portion of the LSL, not just in the 
immediate area of the LSL that was disturbed. A probable reason is that, except for the initial 
liter of water, each subsequent one-liter sample reflects both lead levels within the segment of 
the plumbing where the water stagnated as well as a contribution from the rest of the plumbing 
the water travelled through. For example, the fifth liter of water collected from a kitchen tap will 
not only capture the lead from the segment of LSL where the water stagnated, but it will also 
collect contributions from the plumbing downstream as the water passes through the remaining 
LSL and internal plumbing on the way to the kitchen tap. If the sample results only represented 
the portion of the plumbing where the water stagnated, it would be expected that a variety of 
metals would be found in the initial liters due to the presence of a variety of metallic plumbing 
materials and components, but only lead should be found in the LSL samples. In this study, a 
variety of metals was detected even in samples that represented LSL samples (Figure S6). 

Specifically, for Site 9, information provided by the resident indicated that the internal pipe from 
the LSL to the kitchen tap was galvanized iron pipe. This was confirmed by the co-occurrence of 
higher levels of zinc and iron within the first liter of water in figure S6. There were no copper 
pipes in the home, so the presence of the copper is indicative of brass components (faucet, 
connectors, shut-offvalve(s), and the water meter). Trace amounts of iron, zinc and copper are 
captured in the later liter samples as the water flows through the internal plumbing en route to 
the kitchen tap, along with traces of iron, potentially from the water main. It can reasonably be 
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assumed that the same phenomenon occurred for lead. Disturbed areas of the LSL have damaged 
scale, which can expose water passing through them to fresh lead. Therefore, lead measured in 
any sample upstream of the damaged area may include lead contributions from the damaged 
area. 

Sample location: Site 9 (June Sequential Sampling) 

•Lead Zinc 

2.5 90 

80 

20 70 

60 
15 

so 
u 
c 

40 r:::i 
10 

30 

.5 20 

10 

0 0 

1 2 3 4 .5 6 7 8 9 10 11 12 

Figure S6: The LSL at Site 9 measures approximately 102 ft (31.1 m) from the water main to the meter. From the 
meter, there is approximately 13.5 ft ( 4.1 m) of 1 inch (2.54 em) galvanized pipe to the kitchen tap. 

Variability of lead levels in City B- A second city, City B, exceeded the lead AL during 
the July-Dec 2010 monitoring period, and was required to comply with the LSL replacement 
requirements in the LCR. Table S9 contains the compliance monitoring history for City B. 

Monitoring Period Monitoring Period Number of Lead 901
n Percentile 

Begin Date End Date Samples Value (~g/1) 
7/1/2011 12/31/2011 101 12 
1/1/2011 6/30/2011 130 14 
7/1/2010 12/31/2010 105 23 
1/1/2009 12/31/2009 51 15 
1/1/2008 12/31/2008 58 14 
1/1/2007 12/31/2007 50 11 
1/1/2006 12/31/2006 60 14 
1/1/2005 12/31/2005 54 13 
1/1/2004 6/30/2004 104 12 
7/1/2003 12/31/2003 108 12 
1/1/2002 12/31/2004 50 15 
1/1/1999 12/31/1999 55 14 
1/1/1998 12/31/1998 50 6 
1/1/1997 12/31/1997 50 7 
7/1/1996 12/31/1996 50 15 
1/1/1996 6/30/1996 50 15 
7/1/1992 12/31/1992 50 15 
1/1/1992 6/30/1992 50 21 

Table S9: City B 90th percentile compliance values (1992- 2012). Samples that were above the lead AL are in bold. 
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The sampling instructions presented in Figure S7 are in accordance with the LCR, and were used 
to collect the LSL samples in City B, which has approximately 25,000 LSLs. 

Instructions for Lead Sample Collection 

1 Make sure the faucet used for 

device. 
z At make sure the rnu ... wu'" 

undisturbed for a 

collection 

11 No faucets in the house are 
11 The toilet is not flushed 

• The water Is not run for an lee maker. 

3 When you are to collect the <:::~m,n•~>~ 

Make sure the is taken before any other water is used. 

" the collection container. 

• Turn on the cold water. 
11 Allow the water to run until there a ~•arutlr·::~nt 

• Fill the container to the shoulder. 

• Do not rinse the bottle out. 
11 capthe 

4 Fill out the enclosed chain of 

S Fold and secure the chain 

container. 

container. 

form and survey. 

Place the container outside where it was·delivered. 

remains 

shower and sinks. 

•:• A utilities up the container. No one will enter your home. The 

must be left outside to be up. 

Figure S7: LSL sampling instructions provided by City B to residents. 

The sampling protocol used for collecting LSL samples ("allow the water to run until there is a 
significant change in temperature") can result in some sample results reflecting lead levels from 
internal plumbing rather than from within the LSLs. 

The results from City B are presented below in Figure S8. Similar to the results presented for the 
study of Chicago, City B 's results show significant variability in LSL lead levels across the 
system. Following the 2010 lead AL exceedance, the City B took 1,975 LSL samples, with a 
total of 1,762 results (89%) below the lead ALand 213 results (11 %) above the lead AL. LSL 
results above the AL were significantly variable, ranging from 16 Jlg!L to 580 Jlg/L with a large 
number of sample results in exceedance of 50 Jlg!L. 
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Lead Service Line Results Above AL - City B 
until Si~>nit;ir::aJnt 

1 

Q Q 
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of LSL Lead Values 

Figure S8: Range of lead values for City B LSL sampling results 

SJ9of42 

Flint FOIA Production 12-120000053 

3 3 1 

0 0 0 
Q 0 Q 

""" 
1.1', ..,., 

0 0 Q.l ..., ..., > 
,..; ,..; 0 
0 Q .Q 

"1 """ 
<( 

ED_000838_00000626-00019 



EPA FOIA Production 12/12/2016 
Flint Water Documents 

Sequential Sampling Summary Graphs-The headers are color-coded based on whether 
the site has a disturbed LSL (red) or an undisturbed LSL (green). Sites for which this could not 
be determined (indeterminate sites) are color-coded orange. Water usage information is listed for 
each site. The samples which contained visible particulates are highlighted yellow, and the 
results that are above the lead AL are in bold text in the data tables. For sites that conducted 
sequential sampling in both June and Sept/Oct, the sequential sampling profiles were generally 
consistent during both sampling periods (see Figures S9- S40). 

.:\0.0 
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20.0 

i 15.0 
.£1 

0.. 10.0 

5.0 

0.0 

Sitel -June 

1 2 .':\ 4 5 6 7 8 9 10 11 1l B 14 

Disturbance( s ): Water meter installed in 20 I 0 
ApproximateLSL Length: 89ft (27.1 m) 
AveMonthlyWaterUse: 3,444gal.(l3,037 L) 

Figure S9: Sequential Lead Results- Sample Site #I (June and Sept/Oct) 
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0.0 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 73ft (22.3 m) 
Ave Monthly Water Use: Not metered 

5 

Figure SlO: Sequential Lead Results- Sample Site #3 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: Unknown 
Ave Monthly Water Use: Not metered 

Figure Sll: Sequential Lead Results- Sample Site #4 (June) 

Site4 -June 

SiteS -June 

1 l 4 5 

Disturbance( s ): Water meter installed in 20 II 
ApproximateLSL Length: 80ft (24.4 m) 
Ave Monthly Water Use: 10,400 gal. (39,368 L) 

Figure S12: Sequential Lead Results- Sample Site #5 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 60ft (18.3 m) 
Ave Monthly Water Use: Not metered 

5 

Figure S13: Sequential Lead Results- Sample Site #6 (June and Sept/Oct) 
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Disturbance(s): Street excavation, potential installation of Cu whip at service connection in 2008 
ApproximateLSL Length: 59+ ft (18.0+ m) 
Ave Monthly Water Use: Not metered 

Figure S14: Sequential Lead Results- Sample Site #7 (June and Sept/Oct) 
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Site 8 

1 2 .3 4 5 6 7 8 9 

Disturbance( s ): Leak in parkway, repaired roundway in 2005. 
ApproximateLSL Length: 57ft (17.4 m) 
Ave Monthly Water Use: Not metered 

Figure S15: Sequential Lead Results- Sample Site #8 (June and Sept/Oct) 
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Disturbance(s): Water meter installed in 2008. 
ApproximateLSL Length: 102 ft(3U m) 
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Ave Monthly Water Use: 3,190 (12,075 L)- In Sept 20ll, usage was 24,000 gaL (90,850 L) due to 
hose left running for one or more days. In calculating the overall average, the Sept 20 I 0 value of 
8,000 gaL (30,283 L) was also used for Sept 2011 instead of the 24,000 gaL (90,850 L) value. 

Figure S16: Sequential Lead Results- Sample Site #9 (June and Sept/Oct) 
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Site 10 -June 
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Disturbance(s): Service leak repair, water meter installed in 2009. 
ApproximateLSL Length: 48+ ft (14.6 m) 
Ave Monthly Water Use: 1,826 gal. (6,912 L) 

Figure S17: Sequential Lead Results- Sample Site #10 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 50ft (15.2 m) 
Ave Monthly Water Use: Not metered 

5 

Figure S18: Sequential Lead Results- Sample Site #II (June and Sept/Oct) 
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Disturbance( s ): Indeterminate 
ApproximateLSL Length: 53 (16.2 m) 
Ave Monthly Water Use: Not metered 

Site 12 
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Figure S19: Sequential Lead Results- Sample Site #12 (June and Sept/Oct) 

Disturbance(s): No known disturbance 
ApproximateLSL Length: 49+ ft (4.9 m) 
Ave Monthly Water Use: Not metered 

Figure S20: Sequential Lead Results- Sample Site #13 (Sept/Oct) 
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Site 17 
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Disturbance(s): Meter replacement in 2008. 
ApproximateLSL Length: 58+ ft (17.7+ m) 
Ave Monthly Water Use: 9,772 gaL (36,991 m) 

Figure S21: Sequential Lead Results- Sample Site #17 (June and Sept/Oct) 
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Disturbance(s): No known distutbance 
ApproximateLSL Length: 76ft (23.2 m) 
Ave Monthly Water Use: Not metered 

5 

Figure S22: Sequential Lead Results- Sample Site #18 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 63ft (19.2 m) 
Ave Monthly Water Use: Not metered 
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Figure S23: Sequential Lead Results- Sample Site #19 (June and Sept/Oct) 
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Disturbance( s ): Indeterminate 
ApproximateLSL Length: 46ft (14.0 m) 
Ave Monthly Water Use: Not metered 
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Figure S24: Sequential Lead Results- Sample Site #21 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 65ft (19.8 m) 
Ave Monthly Water Use: Not metered 
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Figure S25: Sequential Lead Results- Sample Site #22 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 66ft (20.1 m) 
Ave Monthly Water Use: Not metered 
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Figure S26: Sequential Lead Results- Sample Site #23 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 56ft (17.1 m) 
Ave Monthly Water Use: Not metered 
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Figure S27: Sequential Lead Results- Sample Site #24 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 70ft (21.3 m) 
Ave Monthly Water Use: Not metered 
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Figure S28: Sequential Lead Results- Sample Site #25 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 66ft (20.1 m) 
Ave Monthly Water Use: Not metered 

Figure S29: Sequential Lead Results- Sample Site #26 (June and Sept/Oct) 
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Disturbance(s): Meter replacement in 2010. 
ApproximateLSL Length: 47+ ft (14.3 m) 
Ave Monthly Water Use: 4267 gaL (16,152 L) 

Figure S30: Sequential Lead Results- Sample Site #27 (June and Sept/Oct) 
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4 

Disturbance(s): Meter replacement in 2009. 
ApproximateLSL Length: 61+ ft (18.6+ m) 
Ave Monthly Water Use: 4273 gal. (16,175 L) 

Figure S31: Sequential Lead Results- Sample Site #28 (Sept/Oct) 
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Disturbance(s): Probable Approximate LSL leak repair, meter installed in 2010. 
ApproximateLSL Length: 159ft (48.5 m) 
Ave Monthly Water Use: 1,438 gal. (5,443 L) 

Figure S32: Sequential Lead Results- Sample Site #29 (June and Sept/Oct) 
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Site 30 

Disturbance(s): Broken water main in 2000, sidewalk replaced & street re-surfacing. 
ApproximateLSL Length: 49+ ft (14.9 m) 
Ave Monthly Water Use: Not metered 

Figure S33: Sequential Lead Results- Sample Site #30 (Sept/Oct) 
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Site 31 

Disturbance( s ): Approximate LSL leak repair in 20 I 0. 
ApproximateLSL Length: 7l+ft(2l.6+m) 
Ave Monthly Water Use: Not metered 

Figure S34: Sequential Lead Results- Sample Site #31 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 43 ft(l3.l m) 
Ave Monthly Water Use: Not metered 
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Figure S35: Sequential Lead Results- Sample Site #32 (June and Sept/Oct) 
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Disturbance( s ): Indeterminate 
ApproximateLSL Length: 43+ ft (13.1 m) 
Ave Monthly Water Use: Not metered 
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Figure S36: Sequential Lead Results- Sample Site #33 (June and Sept/Oct) 
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Site34 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: Unknown 
Ave Monthly Water Use: Not metered 

Figure S37: Sequential Lead Results- Sample Site #34 (Sept/Oct) 

Site3S 

20.0 

15.0 

::::; .... 
.E!: 10.0 
.a 
Q. 

5.0 

0.0 
1 2 3 4 .s 6 

7 8 9 10 

-June 

7 8 9 10 11 

Disturbance( s ): Meter installed in Aug 2011 (between June and Sept/Oct sampling). 
ApproximateLSL Length: 80ft (24.4 m) 
Ave Monthly Water Use: 4,667 gaL (17,667 L)- Data available only for Aug-Oct 2011 

Figure S38: Sequential Lead Results- Sample Site #35 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 83+ ft (25.3 m) 
Ave Monthly Water Use: Not metered 
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Figure S39: Sequential Lead Results- Sample Site #36 (June and Sept/Oct) 
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Disturbance( s ): No known disturbance 
ApproximateLSL Length: 51 ft(l5.5 m) 
Ave Monthly Water Use: Not metered 

Figure S40: Sequential Lead Results- Sample Site #38 (June) 
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Sampling collection and reporting instructions and forms 
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March/April sampling- The sampling instructions and forms below were used in the 
March/ April sampling. Sampling was scheduled to conclude in March, but the sampling ran into 
April. As a result of the instructions below, some volunteers sampled one day at the kitchen tap 
and one day at the bathroom tap. The intent was to have all samples collected from the same tap, 
so volunteers that split the samples were asked to collect replacement samples so that a complete 
set of four samples was collected at the same tap. We chose the kitchen tap, and all samples 
collected thereafter were also collected at the kitchen tap. In addition, the 45-second flushed 
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sampling protocol was not used after the March/ April sampling due to the complication with 
corroded galvanized pipe. 

You will be taking a total of 8 samples for this study. One set of 4 samples will be taken in March 2011 and one set 
of 4 samples (using the same instructions) will be taken in August 2011. 

General Instructions for all four samples of a set 
Sample # 1 and Sample #2 must be collected one after another on the same day. 
Sample #3 and Sample #4 must also be collected one after another on the same day, and within the same week as 
Sample #1 and Sample #2. 

All samples should be collected from taps that are generally used by your household for drinking water. Do not 
collect samples from a taps that have not been used within the last 24 hours. Use a kitchen or bathroom cold-water 
faucet for your sampling. 

Do not collect samples from a tap that has a water filter or is connected to a water softener. If you have a water 
softener or water filter on your kitchen tap, collect your sample from a bathroom tap that is not attached to the water 
softener or water 

Collecting Sample # 1: The first sample is to be collected after water throughout the household has not been used 
for a minimum of 6 hours (example: midnight to 6am). During these 6 hours, do not flush toilets, shower, or run 
water from other faucets. The best time to collect samples is either: 
1) First thing in the morning, before any water is used in the household; or 2) Immediately upon returning from 

work, and prior to using any water, as long as water has not been used in the household during the day. 

1. When you are ready to collect your first sample, use the sample bottle labeled 'Sample # 1 '. 
2. Do not run any water from the tap before collecting the first sample. 
3. Place the opened sample bottle below the faucet and gently open the cold water tap. 
4. Fill the sample bottle as you would normally fill a glass of water for drinking, up to the neck of the bottle (see 

and turn off the water. the bottle. 

Important: Please make sure you use the bottle labeled 'Sample #2' (or your second sample' 

Collecting Sample #2: This sample is to be collected from the same faucet as Sample #1, immediately after 
collecting Sample #1. 

l. 45 Shut off the water and 
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sample bottle (labeled Sample #2) below the faucet and gently open the cold water tap. 
2. Fill the sample bottle as you would normally fill a glass of water for drinking, up to the neck of the bottle (see 

Dhl)to:graons on first and tum off the water. the bottle. 

Important: Please make sure you use the bottle labeled 'Sample #3' (Or your third sample! 

Collecting Sample #3: Collect on a different day in the same week as Samples #1 & #2. 

1. Before letting the water sit for a minimum of 6 hours, run the water from the faucet for 5 minutes at a high rate, 
and then do not use any water in the household for at least 6 hours after that (Example: Run the water for 5 
minutes at midnight before going to bed, and then do not use any water in the household until collecting the 
third sample at 6 am the following morning). 

2. Do not run any more water from the tap before collecting the third sample. Place the opened sample bottle 
below the faucet and gently open the cold water tap. 

3. Fill the sample bottle as you would normally fill a glass of water for drinking, up to the neck of the bottle (see 
Dhl)to:graohs on first and tum off the water. the bottle. 

Collecting Sample #4: This sample is to be collected from the same faucet as Sample #3. 

1. Immediately after collecting Sample #3, run the water for 45 seconds. Shut off the water, and place the opened 
sample bottle (labeled Sample #4) below the faucet and gently open the cold water tap. 

2. Fill the sample bottle as you would normally fill a glass of water for drinking, up to the neck of the bottle (see 
on first and tum off the water. the bottle. 

Figure S41: March/April sampling instructions. 
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Sample ID (from Sample Bottle #1): _____ _ Date/time Sample #1 was collected: 

Volunteer ID: Sampling Location: Kitchen Faucet D Bathroom Faucet D 

Date/time the water was last used in household before collecting Sample #1: 

\Vas sample #1 collected from a faucet that has a water softener or water filter? YesD NoD 

Sample ID (from Sample Bottle #2): _____ _ Date/time Sample #2 was collected: 

Volunteer ID: Sampling Location: Kitchen Faucet D Bathroom Faucet D 

Date/time the water was last used in household before collecting Sample #2: 

\Vas Sample #2 collected from the same faucet as Sample #1: YesD NoD 

Sample ID (from Sample Bottle #3): _____ _ Date/time Sample #3 was collected: 

Volunteer ID: Sampling Location: Kitchen Faucet D Bathroom Faucet D 

Date/time the faucet was flushed before collecting Sample #3: ______________ _ 

\Vas sample #3 collected from a faucet that has a water softener or water filter? YesD NoD 

Sample ID (from Sample Bottle #4): _____ _ Date/time Sample #4 was collected: 

Volunteer ID: Sampling Location: Kitchen Faucet D Bathroom Faucet D 

Date/time the faucet was flushed before collecting Sample #4: ______________ _ 

\Vas Sample #4 collected from the same faucet as Sample #3: YesD NoD 

Have there been any plumbing repairs or plumbing work done within the household during the last six months (including installation of 
new faucets)? Yes D No D 

If yes, explain briefly (Example- 'New faucet installed one week ago'): 

FOR EPA USE: Samples received by---------- Date/Time: 

Samples transferred to Region 5 Laboratory by---------- Date/Time: ---------

Volunteer Certification: I have read the sampling instructions and have collected the samples in accordance with the 
instructions provided. 

OR __________________________ _ 
Signature/Date Volunteer ID/Date 

Figure S42: March/ April sample collection and reporting form. 
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Sequential Sampling Instructions for June- The sampling instructions and forms below were used 
in the June sequential sampling. 

Sequential Sampling Instructions 
Please read all instructions before beginning your sampling 

General Information 
•Use only the kitchen faucet for all of these samples. 

•Use only cold water and open the cold water tap all the way when filling the bottles. 

•Fill each bottle to the top of the label on the sample bottle. 

Sam~ling Instructions 
•The night before sampling (right before everyone goes to bed) run the water from the kitchen tap for at least 5 
minutes. Write down the date/time you finished running the water on the form on the back side of this page. 

•The water must sit motionless in the home plumbing for at least 6 hours before collecting the samples so do not use 
water in the home after you finished running the water and until all samples are collected the following morning. 
Showering, flushing toilets, or other water use will affect the sampling results. It may help to tape a sign in the 
kitchen and bathrooms with a reminder not to use the water, in case people forget. 

• The bottles are numbered, and it is very important to collect them in order (Sample 1 first, Sample 2 second, etc.). 

• In the morning, when you are ready to sample, place the open bottles in order by sample number. You will be 
collecting the samples without shutting off the water in between samples, so you should remove the caps from all 
bottles so that you have all of the bottles ready to fill. You can put the caps on after all samples have been collected. 
Try not to let any water spill in between samples. 

•Write down the date/time right before you sample on the form on the back side of this page. 

•Begin by placing the Sample 1 bottle under the faucet and open the cold water slowly until the faucet is fully open. 
While one bottle is filling, grab the next bottle so that you are ready to move it under the faucet quickly. 

•Once the bottle is filled to the top of the label, quickly place the Sample 2 bottle under the faucet, and continue until 
you have filled all sample bottles. 

Sequential Sampling- Sample Collection and Reporting Form 
Volunteer ID: 

Sampling Information 
Date/time the wate1· was last used in household (the night before collecting the samples): -
Date/Time Volunteer Began Collecting Samples: 
Were All Samples Collected from the Kitchen Tap? Yes D NoD 

FOR EPA USE: Samples received by Date/Time: 
Samples transferred to Region 5 Laboratory by Date/Time: 

EPA Use: Visible Particulate in any samples? YesD NoD 
If Yes -List Samples With Particulate 

Volunteer Certification: I have read the sampling instructions and have collected the samples in accordance with 
the instructions provided. 

----------------------------------------- OR ______________________________ _ 
Signature/Date Volunteer ID/Date 

Figure S43: June sampling instructions and sample collection and reporting form. 
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Sampling instructions for September/October - In the final round of sampling, the number and 
type of samples was customized to each site and sites collected 3 days of sampling. The 
instructions below were for a site collecting one NHU First-draw sample, 11 sequential samples 
and a 2 flushed samples. Some sites collected additional sequential samples and some collected 3 
flushed samples instead of two. 

Sampling Instructions 
Please read all instructions before you start sampling. 

General Information 
Use only the kitchen faucet for all of these samples. 
Use only cold water. 
Open the cold water tap all the way when filling the bottles. 

u Fill each bottle to the top of the label on the sample bottle. 
Sampling Instructions 

There are three different sets of samples for you to collect (Sample Set #1, #2 and #3). 
Each set will be taken on a different day. (The three sampling sets do not have to be taken on three days in 
a row.) 

U A section of the reporting form (attached) needs to be filled in for each day of sampling. 
A) Sample Set #1 (1 bottle, Blue Label) 
1. The water must sit motionless in the home plumbing for at least 6 hours before collecting the sample. Typically, 
the night before taking the sample, make sure that no one uses water in the home until you collect the sample from 
the kitchen the following morning. 

2. In the morning, when you are ready to sample, write down the date/time on the attached form. 

3. Fill up the bottle with the BLUE LABEL. That's it for collecting the first sample set. 
B) Sample Set #2 "Sequential Sampling" (11 bottles, WHITE LABELS) 
1. The night before sampling (right before everyone goes to bed) run the water from the kitchen tap for at least 5 
minutes. Write down the date/time you finished nmning the water on the form. After nmning the water for 5 
minutes, it should sit motionless in the home plumbing for at least 6 hours. 

2. In the morning, your first water usage should be collecting eleven samples in a row (one after another). Use the 
bottles with the WHITE LABELS. The samples should be collected without shutting off the water in between 
samples. To do this, remove the caps from all eleven bottles before you tum on the water. 

3. Place the eleven open bottles in order by sample nmnber before you start collecting the samples Try not to waste 
water in between the samples. You can put the caps on after all 11 samples have been collected. The bottles are 
numbered Seq 01, to Seq 1l.lt is very important to collect the samples in order (Seq 01 first, Seq 02 second, 
etc.). 

4. Use the attached reporting fonn to note the date and time that you started taking the sample set. 
C) Sample Set #3 (2 Bottles, GREEN LABEL and YELLOW LABEL) 
1. The night before sampling (right before everyone goes to bed) run the water from the kitchen tap for at least 5 
minutes. Write down the date/time you fmished nmning the water on the form. After nmning the water for 5 
minutes, it should sit motionless in the home plumbing for at least 6 hours. 

2. In the morning, when you are ready to sample, write down the date/time on the attached reporting form. 

3. Run the water for 3 minutes, then collect a sample in the jar with the GREEN LABEL. Continue to let the water 
run for an additional2 minutes (for a total of 5 minutes), and collect the final sample in the bottle with the 
YELLOW LABEL. 

Figure S44: Sept/Oct sampling instructions. 
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Sample Collection and Reporting- Sampling set # 1 (Blue label) 
Volunteer ID: 

Sampling Information 

Date/time the water was last used in household (the night before collecting the samples): 

Date/Time Volunteer Began Collecting Samples: 

Were All Samples Collected from the Kitchen Tap? Yes D NoD 

FOR EPA USE: Samples received by Date/Time: 

Samples transferred to Region 5 Laboratory by Date/Time: 

EPA Use: Visible Particulate in any samples? YesD NoD 
If Yes -List Samples With Particulate 

-

Sample Collection and Reporting- Sampling set# 2 (11 samples, White labels) 
Volunteer ID: 

Sampling Information 

Date/time the water was last used in household (the night before collecting the samples): 

Date/Time Volunteer Began Collecting Samples: 

Were All Samples Collected from the Kitchen Tap? Yes D NoD 

FOR EPA USE: Samples received by Date/Time: 

Samples transferred to Region 5 Laboratory by Date/Time: 

EPA Use: Visible Particulate in any samples? YesD NoD 
If Yes -List Samples With Particulate 

Sample Collection and Reporting- Sampling set# 3 (Green and Yellow labels) 
Volunteer ID: 

Sampling Information 

Date/time the water was last used in household (the night before collecting the samples): 

Date/Time Volunteer Began Collecting Samples: 

We1·e All Samples Collected from the Kitchen Tap? Yes D NoD 

FOR EPA USE: Samples received by Date/Time: 

Samples transferred to Region 5 Laboratory by Date/Time: 

EPA Use: Visible Particulate in any samples? YesD NoD 
If Yes -List Samples With Particulate 

Volunteer Certification: I have read the sampling instructions and have collected the samples in accordance with 
the instructions provided. 

Signature/Date 

OR __________________________ __ 

Volunteer ID/Date 

Figure S45: Sept/Oct sample collection and reporting form. 
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Background. Most IEEd in drinking water comes from 
premisa plumbing materials and IEEd sarvire lines (LSLs). LSLs 
are generally the largest sourre of lEa:! in drinking water when 
they are prES:lnt in public water systems.1 The 1986 83fe 
Drinking water Act Amendments banned new lEa:! pipes in the 
potable water network, but a legocy of millions of partial or 
whole LSLs remains in many public water systems.2 Where the 
term "lEa:! corrosion" is U93d, it refers to the corrosion of lEa:! 
plumbing materials that result in the transfer of dissolved or 
particulate lEa:! into the drinking water. 

The LEa:! and Copper Rule (LCR) sanpling is intended to 
rra:EUre the lEa:! le.tels in drinking water to cm:ss the 
efi:cti\1811Effi of corrosion control trEEtment utilized by public 
water systems (P/11'2£,) to minimize lEa:! in drinking water. 
P/11'2£, are required to usa sanpling sites that are presumed to 
be the highest-risk sites for IEEd rela:se, and to optimize 
corrosion control to minimize lEa:! levels at consumers' taps. 
Most published sanpling studies typically focus on systems 
having high IEEd levels or systems that have experienced 
challenges in attempting to balanre LCR complianre with 
various other trEEtrnent or water quality objECtives. Exoept for 
LCR compl ianre data, I itt le published data exists or is available 
for systems that are considered to be operating with optimal 
corrosion control and meeting the lEa:! action level (AL) in the 
LCR This study focuses on a system that is considered to have 
optimized corrosion control using a blended phosphate, with a 
relatively stable water quality, and complianre results 
historically well below the lood AL. This situation is 
reprES:lntative of a large percentage of systems sarving 
100,000 or more people that utilize orthophosphate or blended 
phosphates for corrosion control and the vast majority of 

This article not subject to U.S Copyright. 
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systems are meeting the lEa:! AL t:a::ecl on the current S31llpling 
protocol in the LCR. Additional information on the LCR and 
study is available in the Supporting Information (SI ). This 
study fOCU93d on whether (1) the current LCR complianre 
sanpling protocol adequately captures the pEEk lEa:! levels in a 
water system; (2) "preflushing" (PF) results in capturing lower 
lEa:! le.tels in sanples compared to S31llples collECted under 
normal household ~ (NHU) conditions; (3) a first-draw 
sanpling protocol appropriately determines the adequacy of 
optimal lEa:! corrosion control in water systems with LSLs; and 
(4) there is93ESOnal variability in thesanpling results using the 
difurent sanpling protocols. 

System Information. The Chicqp Department of water 
Management (CDWM) operates two similar conventional 
surfcm water filtration trEEtment plants sarving approximately 
5.4 million residents, including th093 in 125 suburbs. Lake 
Michigan is the sole water sourre, with relatively stable water 
quality looving the trEEtment plants and in the distribution 
system (Table 1). Before the LCR, CDWM utilized pH/ 
alkalinity adjustment for corrosion control. CDWM switched to 
a proprietary blended phosphate at both plants between 1993 
and 1994 which is still U93d as the primary corrosion control 
trEEtment. 

The LCR requires public water systems to collECt lEa:! 
sanples using a first-draw (FD) S31llpling protocol, andS31llples 
were collECted almost exclusively from single-fanily homes with 
LSLs as required by the LCR sanple site saiECtion require-
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Table 1. Water Quality Data 2011 

outlets distribution 

parameter min max min max 

temp (°C) 4 24 5 23 
turbidity (NTU) 0.1 0.2 0.1 0.4 
pH 7.5 7.8 7.7 7.8 
Cl2 residual (mg/L) 1.0 1.2 0.7 0.9 
total alkalinity (mg/L as CaC03) 103 108 98 108 
chloride (CI, mg/L) 16 20 17 20 
sulfate (mg/L) 29 31 29 30 

Ca (mg/L) 34 39 34 39 

P04 (mg/L) 0.4 0.6 0.5 0.5 
total P04 (mg/L) 0.8 1.1 0.8 1.2 

AI (119/L) 34 126 29 113 

Fe (119/L) <5 <5 <5 34 

Mn (119/L) <3 <3 <3 <3 

ments.3 8ince the initial LCR monitoring, Chicago has 
exoea::led the IEEd AL only once, during .lily- Doo3mber 
1992, with an averqJe OOth percentile compliance monitoring 
value between 1999 and 2010 of 6 iJQ/L (81 Table 82).3 

The LCR requirES 1-L, FD tap S311lpiES of water that has 
stood motionlESS in the plumbing system (i.e., has st<{lnated 
within the plumbing) for at least 6 h. The two variants of the 
FD scmpling protocol currently used by public water system; 
are defined herein as the NHU first-draw scmple, where water 
is used in a normal household manner, and then allowed to sit 
motionlESS in the plumbing for at least 6 h before the scmple is 
collected; and the PF first-draw S311lple, where the water is run 
from the S311lpling tap for a specified crnount of time 
immediately prior to the st<{lnation period. Howe.ter, the 
LCR dOES not provide specific details on water t..re during the 
st<{lnation period. 

Almost all p.,r.,f'2£, in the U.S. rely on rESidents to collect 
compliance scmpiES under the LCR and there are difurenCES 
ocrOffi the U.S. in how system; instruct rESidents not to t..re the 
water during the st<{lnation period prior to collecting the 
scmple. A re.tiew of example sats of scmpling instructions 
provided to rESidents by large p.,r.,f'2£, in the U.S. found that 
some are instructed not to t..re any water fran the tap to te 
scmpiEd during thest<{lnation period. Others are instructed not 
to t..re any waler in the ha..f£:tnld. Prior to 2009, CDWM used 
the PF first-draw scmpling protocol, with a 5-min preflush 
preceding st<{lnation. Recent instructions to rESidents included 
not using water from the scmpling tap or from any 1163rby tap 
until the (poststC{Ination) scmpiES were collected, and to 
collect scmpiESassoon as PQffiible after the minimum required 
6-h st<{lnation period. RegardlESS of the scmpling protocol, 
rESident-collected S311lpiES necessitate the t..re of simple 
instructions and make it diffcult to ensure strict adherence to 
any S311lpling protocol. In addition, the diversa premisa 
plumbing materials and configurations (81 Table 81) represent 
varying eft:cts of flow ratES, hydraulic flow charocteristi<S, and 
PQffiible IEEd sorption/particle rela:m ett:cts on the shapES of 
the IEEd ,grofiiES, particularly with corroded galvaniZEd pipe 
locations. ·5 

1111111111111111 

Sampling Objectives and Protocol. 8ince the promul
gation of the LCR, new rES:Erch on IEEd corrosion has shown 
that there are many rn:dlanisrrs and water quality foctors 
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involved.1
•
4

•
6

-
11 Specifically, theS311lpling protocolsUS8d in this 

study were evaluated to determine if 

preflushing biESES rESUlts; 
first-draw scmpiES, with or without preflushing, capture 
the "worst-ca:e" level of IEEd corrosion under normal t..re 

conditions; and 
s:asonal variability att:cts IEEd concentrations (in this 
water system). 

Consistent with the LCR requirements and CDWM 
compliance scmpling, scmpiES for this study were collected 
by voluntrer rESidents from 32 single-fa'nily rESidenCES, built 
between 1890 and 1960, with LSLs. An additional 5 horn:s 
were S311lpled and determined not to have LSLs, and were 
therefore excluded from further S311lpling. All rESUlts are 
included in the Supporting Information, but the non-LSL sitES 
were not US8d in the data analysis (81 TabiESS4a, 85, S6a, S3b, 
and ST). 

Information was requESted on the specific plumbing 
configurations of a:£h scmpling site to a much grEEter extent 
than the regulatory requirements which simply require the 
plumbing material to be identified. This information, along with 
analyse; conducted for IEEd, copper, iron, and zinc for a:£h 
scmple, focilitated a better understanding of the ob93rved water 
IEEd levels. RESidents were asked to (1) complete a plumbing 
profile identifying the kitchen tap and meter or internal shut-off 
valve, and (2) dEScribe the internal plumbing, including any 
recent plumbing work (81 Figure 81 ). The information 
provided by rESidents along with the rESUlts of the four metals 
provided additional information on the saquencES of plumbing 
materials, and the presance of in-line brass plumbing 
components. CDWM provided the locations of water mains, 
sarvice line materials, work conducted by the city at a:£h 
rESidence (meter installation or repair, shut-off valve repair/ 
replocement, sarvice line 1631< repair, street excavation), and 
monthly water t..re data for rESidenCES with water meters. The 
information provided by CDWM on water main locations was 
used to rn:asure the distance from the water main to a:£h 
rESidence, and internal plumbing information provided by 
rESidents was used along with the rn=:asured length from the 
water main to the rESidence to approximate the L8L length (81 
Table 81). 

RESidents were provided with written S311lpling and reporting 
instructions for a:£h S311lpling event (81 FigurES S41-S45). 
One-liter, high-density pol)€thylene (HOPE), wide-mouth (5.5 
em, 2.2 in.) scmple bottlES were US8d to collect all S311lpiES. 
RESidents were instructed not to remove oorators prior to 
scmpling and not to collect S311lpiES after point-of-t..re or point
of-entry trEEtment deviCES. 

Several prior studiES have suggESted that significant 
contributions of particulate-a;sociated IEEd can be mobiliZEd 
cs a function of flow rate and turbulence in certain water 
chemistriES, though studiES have not developed predictive 
relationship; to premisa plumbing material, s::ale composition, 
and hydraulic flow charocteristi<S.6·

10 
-

15 To try to achieve the 
most C{!QrESSive high flow conditions under rEEiistic field 
conditions, rESidents were instructed to collect all scmpiES by 
slowly opening the cold water kitchen tap until fully open. 
Upon receipt, the S311lpiES were inspected by EPA for visible 
particulate matter prior to delivery to the laboratory. 

For all first-draw S311lpiES, rESidents were instructed not to 
t..re any water throughout the household (i.e., no showering, 
washing clothES/dishES, flushing toilets, etc.) during the 
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First Draw and 45-Second Flushed Samples 
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Figure 1. First round IEa:l rESUlts for all sites. 

---------------- ----·· -----· --· ----

minimum mandatory 6-h stq]nation period. In this study, PF 
s:rnples include a flush of at lEaSt 5 min prior to the mandatory 
minimum 6-h stq]nation period. A NHU s:rnple had no 
preflushing prior to the mandatory minimumstq]nation period. 
Residents were instructed to allow the water to sit motionlESS 
in the hm.rehold plumbing a minimum of 6 h, but not more 
than 24 h, and to record the dates/times the taps were flushed 
prior to the stq]nation period, and the dates/times S3111ples 
were collected following the stq]nation period. First-draw 
s:rnples using both variants (NHU and PF) were collected in 
the first and third rounds of monitoring in March/April and 
Septernber/Octooor, respectively. Additionally, 45-s flushed 
s:rnples were collected in the first round to e.raluate whether a 
s:rond-draw s:rnple more a::curately captured the le.tel of 
corrosion. Three-min, 5-min, and 7-min flushed s:rnples were 
collected in the third round of S3111pling to provide guidanre to 
voluntoors when high lEal le.tels were found (SI Table ST). 
This information can also oo used to provide site-specific 
guidanre on minimum flushing times nea:ssary to redure 
consumer exposure to lEal in drinking water. 

In the first round of s:rnpl ing, a:rll resident collected a N H U 
first-draw S3111ple and then a s:rond-draw ( 45-s flushed) s:rnple 
after allowing the water to run for 45 s. On the s:rond day, 
residents collected a PF first-draw s:rnple and then a s:rond 
45-s flushed sam~le. EPA's current Public Notification 
Handbook advis:s1 residents to run the water 30 s or until 
it turns cold before consuming, if the water has not boon used 
for an unspecified "extended period of time", which can result 
in higher lEal levels at the tap for consumers. It has also boon 
pre.tiously demonstrated that in some situations, this advire can 
caLm residents to consume the worst-cere water sitting 
stq]nant in the LSL.17 (Figure 1) 

Sites 14, 15, 16, and 37 were verified as not having LSLs and 
were excluded from further S3111pling. Site 2 was verified as not 
having a LSL following the June SEquential S3111pling and was 
excluded from the final round of monitoring. The 45-s flushed 
s:rnpling was dis::ontinued following the March/ April S3111pling 
first round due to the prES311re of reverely corroded galvani2ed 
pipe in some of the residenres (SI Figure S4) which reduced 
the inner pipe diareter, restricting water flow and resulting in 
varying volumes of water flowing through the plumbing for the 
same flush time. 

In June 2011 , a:£h resident collected a total of twelve PF 
SEquential S3111ples in one day of s:rnpling. The first PF 
SEquential S3111ple was also the PF first-draw s:rnple for the data 
analysis. All S3111ples were analyzed for lEal, copper, zinc, and 
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iron. The co-occurrenre of the metals, along with plumbing 
details, was used in qualitative c:m:ss11ents to correlate lEal 
results with potential soura:s of lEal in the plumbing network 
(SI Figure 93).4•

10 

In September I Octooor 2011 , a:rll resident collected a N H U 
first-draw S3111ple, and a minimum of 11 PF SEquential 1-L 
s:rnples. Sites with high lEal levels in the pre.tious rounds 
collected an additional 3 or 4 PF SEquential s:rnples, and one 
site with a very long LSL (159ft, 48 m) collected an additional 
9 PF SEquential S3111ples. The additional PF se:quential S3111ples 
were collected to determine the point at which lEal levels 
consistently dropped oolow the AL. All S3111ples collected are 
included in the S3111pling summary with the numrers and types 
of s:rnples collected at a:£h site (SI Table 83). 

Most stq]nation times were relatively consistent ocrOffi most 
sites at ootwoon 6 and 8.5 h, and all but two sites had stC{!nation 
times ootwoon 6 and 9 h 10 min, which focilitated unadjusted 
comparisons (SI Table 93c). 

Additional flushed S3111ples were collected in September/ 
Octooor for high lEal sites in order to provide residents with 
guidanre on minimizing lEal le.tels in their drinking water. 
Recommended minimum flushing times were then estimated 
based on the lEal levels and LSL lengths. ThEse results are 
included in the&lpporting Information, but not dis:;ussed here. 

Sample Analyses. All S3111ples were visually inspected for 
particulate matter prior to delivery to the EPA Chicago 
Regional Laboratory. 83mples were pre:erved upon rEreipt by 
the laboratory using concentrated nitric ocid to pH <2 and held 
for a minimum of 24 h prior to analysis.18 The laboratory's 
Reporting Limits (RL) for lEal, copper, and zinc in drinking 
water s:rnples, using EPA Method 200.8, are 0.5, 1, and 10 IJg/ 
L, respectively. The laboratory's RL for iron in drinking water 
s:rnples, using EPA Method 200.7, is 80 IJg/L. Additional 
laboratory information is included in the Supporting 
Information. 

1111111111111111 

Both Variants of the First-Draw Protocol Significantly 
Underestimated Peak Lead Levels, and the NHU First
Draw Protocol Yielded Higher Results Overall than the 
PF First-Draw Protocol. The 90th percentile lEal values for 
all three rounds of first-draw S3111pling using both variants were 
slightly higher than Chicago's historical complianre results, but 
still fell well oolow the lEal AL (SI TableS4b). Only 2% of the 
total numrer of first-draw S3111ples (3 of 151) exreeded the AL 
de;pite the pre:enre of lEal le.tels well above the lEal oction 

dx.doi.org/10.1021/es40036361 Environ. &:i. Technol. 2013, 47, 9300-9307 
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Comparison of System 90th Percentile Compliance Data with 
Sequential Sampling 90th Percentile and Maximum Values 
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Figure 2. Comparison of 90th r;ercentile LCR compliance data to 90th r;ercentile values from LSL s:mples (ocro:s sites by liter) and rrnximum 
values from LSLs. The green dashed line indicates the avercge 90th r;ercentile compliance monitoring value for Chiccgo between 1999 and 2010 of 6 
J-lg/L 

LSL Values by Site 
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Figure 3. LSL results were highly varicble within a:d1 LSL and from site to site. Error tars represent 1 standard deviation. 
-·---- ·---··--······-·-·--·-·-··-----···--···--·---·-------····--------------

le.tel within the s:lrvire lines as indicated by the 45-s flushed 
rESUlts in the first round of monitoring and SEquential S31llpling 
rESUlts in the SErond and third rounds. 

In contrast, if the 90th perrentile value of a:dl of the 
suro:ssive se:quential liter S31llples from the LSL.s is computed 
ocross all scrnpling sites, the lead levels were up to four times 
higher than ChicqJo's average 90th perrentile value using FD 
scrnples. Some pESk values for a:dl SEquential liter calculated 
ocross all scrnpling sites were over twire the lead ALand up to 
six times higher than the regulatory complianre data (Figure 2). 
In sumrrnry, 69 of 336 (21%) of the individual SEquential 
scrnples collected in June and 75 of 319 (24%) of SEquential 
samples in September/October exreeded the lead AL, 
indicating that current scrnpling protocols will often consid
erably underestimate the pESk lead le.telsand overall mobilized 
rre;s of waterborne lead in a system with lead s:lrvire lines. 

The NHU results were nui'TBrically higher overall than the 
corresponding PF values for most sites, but the diterences were 
not statistically significant. The PF first-draw protocol produced 
lower individual results than NHU first-draw protocol in 23 of 
32 scrnple pairs in March/April, and 20 of 27 scrnple r:airs in 
Sapt/Oct (SI Table S4a). Although NHU first-draw S31llples 
were collected without directing the residents to flush the tap 
prior to the stagnation period, NHU can involve showering, 
washing dishes, or doing laundry a short tii'TB prior to the 
stagnation period, which could clear the lead from the pipes 
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similar to preflushing the tap. Thus a NHU scrnple can be 
etectively the S8I'TB as a PF scrnple and yield similar results. 
Sinre the se:quential S31llpling results from thes:l S8I'TB sites 
show that there is much higher lead pre;ent within the LSL at 
the S8I'TB tii'TB that the NHU and PF first-draw scrnples were 
collected, it stands to ra:son that if the NHU octivitieswere not 
undertaken, and a larger scrnple s:lt were Us:ld, the NHU 
scrnples would yield results that were statistically higher than 
the corresponding PF scrnples. The distanre from the kitchen 
tap to the bEginning of the LSL wa:; highly variable, ranging 
from approximately 3 to 87 feet (0.9 to 27 m), and the 
rn=:asured LSL lengths ranged from 43 to 159 feet ( 13 to 48 m). 
Conse:quently, for sites with shorter total plumbing lengths, the 
initial and final SEquential S31llples would include relatively 
uncontaninated water from the water main following the 5-min 
tap preflushing. Thes:l S31llples would contain little to no LSL 
lead contribution, consistent with plumbosolvency and radial 
diffusion/flow principles.5•

19
•
20 A targeted LSL S31llpling 

protocol isolating only LSL contoct water would likely yield a 
higher perrentage of rESUlts above the lead AL for systems with 
Pb( II) pipe s::ale chemistry, but the specific location of the peak 
lead levels will nocess3rily vary with premis:l plumbing 
configurations. 

Seasonal Variability. In a site-by-site comr:arison, lead 
concentrations were higher in Sapt/Oct than in Mar/Apr or 
June, with the starkest statistical diterenre between first-draw 

dx.doi.org/10.1021/es40036361 Environ. &:i. TechnoL 2013, 47, 9300· 9307 
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Disturbed and Undisturbed Average LSL Values 
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Figure 4. Avera:Ja lead le.tels at disturb:d and undisturb:d sits Error tars repre::ent 1 standard deviation. 
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NHU S31Tlplescollected in Mar/April and Sapt/Oct (p = 0.03 
for two-tailed paired Student's t-test). Overall, 68%and 69'/oof 
NHU and PF first-clratv scrnples, respectively, were higher in 
Sapt/Oct than in Mar/Apr, while 55% of paired saquential 
scrnples were higher in Sept/Oct than in • .lme. SEasonal 
variation in IEEd le.tels consists of multiple contributing foctors 
from the sourre water through the prernire plumbing which 
could not be precirely isolated in this study, but the results in 
this study are consistent with other findings on sa:sonal 
variability (SI Table S6d).21 Factors include (1) water 
temperature, (2) water chemistry variation, and (3) fluctuations 
in water~ for Sapt/Oct versus • .lme, which could incra:se 
or decra:se IEEd le.tels.22

•
23 

Lead Concentrations Vary Throughout Each Individ
ual LSL and among Different LSLs Across the System. 
There was a high degree of variability in saquential scrnple 
results at most sites, some of which could include a particulate
bound component cs reflected in spikes in some saquential 
scrnpling results (SI Figures S9-S40). For most sites, no 
individual scrnple result from within the LSL can chara:ieri:ze 
the IEEd conrentrations at the site. Within the complete 
scrnpling profile results, IEEd levels at most sites ranged from 
well below to well above the AL (Figure 3). Under the LCR, 
this would rn:m that a system would rn:et the action le.tel and 
have no additional regulatory rEquirements or would 6<cred the 
AL and be required to implement additional requirements, 
depending on which scrnple result is selected as the complianre 
scrnple. The variability within sites and betwEen sites is similar 
in trend to that found in several other studies reporting 
saquential S31Tlpling conducted in water systems with difffent 
corrosion control strategies and chemistries from 
CDWM.1,4,10,12,14,15,24 -21 

Additional complianre data from a recond large utility (City 
B) which 6<creded the IEEd AL and conducted scrnpling usi~ 
the temperature change LSL scrnpling protocol in the LCR, 
yielded similar variability acra;s the system (SI Figure S8 and 
Table S9). A total of 1975 LSL sites were S31Tlpled, with 1762 
results (89'/o) below the IEEd AL; 128 results (6.5%) from 16 to 
30 IJg/L; 57 results (2.8%) from 31 to 50 IJg/L; and 28 results 
(1.4%) betwren 51 and 580 IJg/L This LSL S31Tlpling protocol 
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is similarly vulnerable to low bicses, although many results were 
considerably higher than the AL (SI Figure 88). 

Factors Affecting Lead Levels. The majority of high IEEd 
results occurred at sites with a documented physical 
disturbanre of the LSL betwren 2005 and 2011 (Figure 4). 
The octual ooent to which the LSL was physically disturbed is 
unknown for all sites, and the records of disturbances are l:esEd 
on information provided by CDWM and by the S31Tlpling 
voluntoors (SI FiguresS9-S40). 

For the purpore of this study a physical LSL disturbanre is 
defined cs a meter installation or replocement, autorneter
reader (AMR) installation, rervire line look repair, ooernal 
rervire shut-off valve repair or replocement, or significant street 
6<cavation directly in front of the horne that could disturb the 
LSL An "undisturbed" site is an unrnetered site where neither 
the CDWM nor resident have a record or recollection of any 
disturbanre, cs defined above. A third category, "indetermi
nate'', is ured for throo sites where CDWM has no record of any 
LSL disturbanre, and the resident did not provide a response cs 
to whether there has boon any LSL disturbanre. Cra;s.checking 
was important becaure information provided by volunteers in 
some ccses contradicted CDWM records, and upon further 
investigation, the records were found to be incomplete and 
were corrected, which resulted in reclcssification of the site. 

Of the 13 disturbed sites, 11 sites had 3 or more saquential 
scrnpling results above the IEEd AL, two sites had 2 results ESCh 
above the AL, and one site had no results above the AL Of the 
16 sites with no known disturbanre, only three sites had any 
results above the IEEd AL In the remaining 3 "indeterminate'' 
sites, 30 of 81 S31Tlple results (37%) were above EPA's IEEd AL 
(Table 2). 

A rerent AWNA publication on the state of water 
infrastructure highlights the nood for major infrcstructure 
work.28 This nro:ss3ry infrastructure work will potentially 
incra:se the incidenre of darraJe to the protectives::ales within 
LSLs cs this work is performed. lne.titably, thEre physical LSL 
disturbances will continue to occur with incra:sed frEquency cs 
part of daily routine water system maintenanre and nonwater 
related community infrastructure work. 

dx.doi.org/10.1021/es40036361 Environ. &:i. TechnoL 2013, 47, 9300-9307 
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Table 2. Lead Results for Disturbed, Undisturbed, and 
Indeterminate Sitesa 

disturbed sites undisturbed sites indeterminate sites 

no. no. no. 
no. no. above no. no. above no. no. above 

sites samples AL sites samples AL sites samples AL 
13 327 117 16 372 6 3 81 30 
% samples over AL: % samples over AL: 2'/o % samples over AL: 

36% 37% 

a Most la3d results c:OOve the AL were found at sites with LSL 
disturtances. Additioral results c:OOve the AL were also found at sites 
where the status of the LSL (disturbed or undisturbed) could not re 
confirmed. Sites without LSL disturtances ha:l few if any results above 
the AL. 

Possible Implications of Water Conservation and Use. 
Information provided by CDWM and voluntrers anecdotally 
St..q:JESts that low water ~ may alro play a role in high lEa:! 
le.tels at rome sites. Of the four locations with the highest 
averqJeiEa:llevels, three (Sites 1, 29, and 10) had documented 
low water l..l!:aJ8. Site 1 had averqJe monthly water ~ of 
3444 gallons (13037 L) which does not appe3r to be low 
~- Howe.ter, information provided by the resident indicates 
that the majority of the monthly water~ occurs during a 
relatively small number of days during the month when there is 
a high volume of water l..l!:aJ8. Site 29 had averqJe monthly 
~ of 1826 gallons (6912 L), and Site 10 had an averqJe 
~ of 1438 gallons/month (5443 Llmonth). For compar
iron, the mean single-family household water usage is 
approximately 8582 gallons/month (32486 L/month), with a 
sizable standard deviation.29 

In two locations (Sites 17 and 5), lEa:! le.tels c:lEcrecsecl with 
an incra:m in water ~- fls water ~ approximately 
doubled at Sites 17 and 5, maximum lEa:! levels from 33Cjuential 
s:rnpling c:lEcrecsecl from 25 to 5.51Jg/L and from 17 to 121Jg/ 
L, respectively. Although this represents a small set ofs:rnples, 
thEre observations support the idEE that higher lEa:! le.tels can 
be a:;sociated with low water ~.30 

Extrapolating from prior rESEErch suggests the flEre)Sity of 
consistent flow to deliver corrosion inhibitor efi::ctively into 
pa:sivating filrns,31 and correlates incra:md inhibitor dosages 
with reduced lEa:! reiEaSe.10

·
32

-
35 Low water l..l!:aJ8 may inhibit 

hEEling of the da"rlq:Jed s:::ales, and influence the rate of galvanic 
corrosion. Water ~ efi::cts cannot be separated from other 
s.:a:onal eficts in this study, but prior literature and the 
combined 33Cjuential graphs showing entire profiles shifted up 
or down from the • .lme to Sapt/Oct s:rnpling suggest further 
investigation is warranted (SI Figures S9 -540). fls conserva
tion efforts incrEaSe, it will become incrEESingly important to 
conduct further rESEErch on the relationship between water 
~ and incra:ses in lEa:! le.tels. 

The results in this study alro indicate that more appropriate 
flushing guidance must be developed, l::a:ed on neighborhood 
and premise plumbing characteristics, and whether a horne ha5 
a LSL or not. Much of the current published and web-l::a:ed 
flushing guidance inadvertently incrEESes the risk of exposure to 
elevated lEa:! levels by ciEEring an insufficient anount of water 
volume.17 Even fully flushing LSLs may only lower lEa:! levels 
to a limiting, mEESUrable lEa:! le.tel, that relates to the 
plurnbo9Jivency of the water, the flow rate, the length and 
internal diameter of the pipe,5 -

7
•
10

•
19.2° and possibly efi::cts of 

prior disturbances (SI Table ST). 
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Risk Identification and Management. RErently, CDC 
issued a hEEith alert cmx;iating hi~her eltvated blood lEa:! 
le.tels with partial LSL replcrnrrent,3 and alro concluded that 
LSLs were an independent risk foctor for elevated blood lEa:! 
le.tels e.ten when IEB:lle.tels in drinking water met the LCR lEa:! 
AL of 0.015 rng/L.37 fls highlighted in this study, LSLs can 
contribute high lEa:! when they are disturbed in many diferent 
ways, not just due to partial LSL replcrnrrent, and water t..1!:aJ8 
may also play a role in the resultant high lEa:! le.tels and 
potential incra:md human exposure. In an August 2012 update 
on lEa:! in drinking water and blood IEB:lle.tels, the CDC notes 
that "Tre rm:nt 1BD Ill B rdaticrs fran tre CDC AdvisJry 
Cmmittre m Childhood LEa:! FbisJning Pramtion to rEdUB or 
eliminate lEad SJUm:s br dlildrm l:efore trey are e<rx;a:d 
ul"ldars:Dre tre rm::l to rEdUB lEad an:mtraticrs in drinking 
water as rn.dl as r:asible'' .38 

fls the ultimate human and environmental hEEith goal, LSLs 
should be completely removed where possible. The stability of 
the protective &:ales within LSLs depends on many foctors 
which can change over time. For exanple, changes to water 
quality or trEEtment have resulted in hi~h lEa:! le.tels over a 
sustained period of time (yEErs).10

·
39 

-
4 Under the current 

regulatory frcm:mork, eltvated lEa:! le.tels from disturbances, 
water quality, trEEtment, or water t..1!:aJ8 changes can potentially 
go undetected for up to 3 yEErs between LCR compliance 
monitoring periods, which can result in incra:md public 
exposure over a significant period of time. 

Proper selection of s:rnpling sites, S311lpling protocol, and 
other site conditions is critical for evaluating the amount of lEa:! 
corrosion and relEaSe that is occurring in the distribution 
system. Suca:ssful optimization of the plurnbo9Jivency trEEt
rnent depends on an accurate understanding of the corrosion 
mechanisms, pipe s:::ale mineralogy and structure, and the 
COn33CJuences of LSL disturbances and water conservation 
efforts. No published studies could be found that systematically 
investigated the tirne and inhibitor doses/water quality 
adjustments na::eE3ry to overcorne the disturbances and 
damage to the lEa:! pipe &:ales that will be routinely occurring 
throughout cities across the U.S., as long as full or partial lEa:! 
service I i nes remain in service. 

Analyse; of the Chicago LSL s:::ales by EPA (to be reported 
els=mhere) revEEI that the surfoce coatings on both lEa:! service 
line and galvanized interior pipes from CDWM are primarily 
composad of amorphous aluminum, calcium, and phosphon.& 
rich deposits, and not crystalline lead(ll) (or zinc)
orthophosphate phaxs that are predicted by conventional 
divalent lEa:! plurnbo9Jivency theory for orthophosphate 
dosing.10

•
33.42 An understanding of the &:ales is ESSential to 

study and implement proooclures and strategies for efictive and 
tirnely repair of the protective s:::ales damaged by LSL 
disturbances, and to minimize the public's exposure to high 
lead levels that can result from damaging the scales. 
Experimental evaluations are critical when s:::ale compositions 
fall outside the s:;ope of well-understood predictive corrosion 
control practices. 

1111111111111111 r,~,,,,A.AJi 
* Supporting Information 

Additional background information, tabular summaries of 
s:rnpling results, and graphics. This material is available free 
of charge via the Internet at http:/ /pubs.acs.org. 
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The Lead and Copper Rule (LCR) is a treatment technique regulation that requires all public 
water systems to optimize corrosion control and utilizes tap sampling for lead and copper to 
determine whether additional actions need to be taken by the system. It is important to note that 
the sampling conducted under the LCR is not designed to evaluate individual consumers' lead 
exposure or risk and that the lead action level (AL) was not established as a health-based 
number. The lead AL is the level which EPA determined in 1991 that systems could feasibly 
meet, taking into account the available treatment technologies and the cost of those treatment 
technologies. The lead AL should not be viewed or used as a threshold value to determine 
whether the water is safe or unsafe to drink, and it should be reiterated that the EPA and CDC 
have determined that there is no safe level of lead exposure (i.e., no level at which there is not an 
adverse effect). 

Tap sampling conducted under the LCR is intended to measure the amount of lead and copper 
corrosion that is occurring in public water systems using worst-case site selection and a specified 
sampling protocol. The sampling protocols in the current LCR were established in 1991, based 
on the existence of many potential sources of lead throughout the water distribution system, 
including lead service lines connecting the water main to the homes, leaded- solder used to join 
copper pipe, and leaded-brass devices, such as meters, brass connectors and shut-off valves, 
faucets and fixtures. The current LCR sampling requirements are prescriptive and based on the 
relative significance of lead sources in 1991. The sequential sampling protocol (described below, 
and in the accompanying paper) that resulted in capturing the highest lead, as well as the sample 
results themselves, are not allowed to be used in the current compliance calculation. 

The LCR utilizes a combination of: worst-case site selection (sites expected to yield the highest 
lead results); sampling protocols used to capture the highest lead; and repeated sampling at the 
same sites in order to measure the level of lead corrosion that is occurring throughout the water 
distribution system. Utilizing this sampling structure allows U.S. EPA to keep the sampling 
burden on public water systems manageable, while still accomplishing the objectives of the 
sampling under the LCR. Absent these key components, the number of samples needed to 
accurately assess system-wide corrosion would necessarily need to increase substantially to 
accomplish the objectives of the LCR. 

The action level for lead is 0.015 mg/L, but is presented here as 15 Jlg/L for the purpose of using 
consistent units for the data. An exceedance of the lead AL based on the sampling triggers 
specific actions that a public water system must undertake to protect public health, such as 
installing or adjusting corrosion control treatment and providing public education. Additionally, 
where the corrosion control treatment has proven ineffective at lowering lead levels below the 
lead AL, the removal of lead service lines is triggered. There are many different corrosion 
mechanisms and factors that govern lead corrosion. The selection of sampling sites, sampling 
protocol, and site conditions are essential components for evaluating the level of corrosion that is 
occurring in the distribution system, regardless of the mechanism(s) or contributing factor(s). It 
is therefore critically important that the sampling protocol accurately portray the level of 
corrosion that is occurring. 
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Lead Service Line and Plumbing Information 

As part of the sampling protocol, residents were asked to provide a plumbing profile (figure S 1 ), 
describing their internal plumbing, and identifying the location of the kitchen tap, and shut-off 
valve/meter. 

Home Plumbing and Service Line Diagrams 
Below there are 4 diagrams for common household plumbing configurations and the 5th diagram is blank. Please 
review the diagrams and select the diagram that best matches the plumbing configuration for your home. Each of 
the diagrams shows where the water service line comes into the home and where the kitchen tap is located. If none 
of the four diagrams matches your home, use the blank diagram (number 5) to draw where the water service line 
comes into your home and where your kitchen tap is located. If you do not know where the service line comes into 
the home, you can note that in your Home Plumbing description below. 

Note: Some homes have water meters and some do not. On the diagrams below, if you do not have a water meter, 
pick the diagram that matches where your service line comes into your home and where the kitchen tap is, and cross 

out the meter symbol 

Home Plumbing Description: In the space below, please describe your home plumbing as best you can, from the 
point at which the water service line comes into your home to the location of your kitchen tap (length of pipe, 
diameter of pipe, pipe material, etc.): 

Figure Sl: Plumbing Profile Diagram 
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Table S 1 contains a summary of the LSL information for each sampling site. Due to the site
specific plumbing characteristics, the liter which first begins to capture LSL water at each site 
was expected to be variable, as was the liter which would begin to collect uncontaminated water 
from the water mains. The study findings regarding whether the current sampling protocol is 
capturing the corrosion that is occurring are not affected by this limitation. 

Site 
LSL Length LSLEnd 

Site 
LSL Length 

LSL End Point ft (meters) Point ft (meters) 
1 89(27.1) BFW 22 65 (19.8) IFW 
3 73 (22.3) IFW 23 66 (20.1) IFW 
4 Unknown Unknown 24 56 (17.1) IFW 
5 80 (24.4) IBW 25 70 (21.3) IFW 
6 60 (18.3) IFW 26 66(20.1) IFW 
7 59+ (18.0+) BFW 27 47+ (14.3+) Unknown 
8 57 (17.4) IFW 28 61+ (18.6+) Unknown 
9 102 (3l.l) BFW 29 159 ( 48.5) BFW 
10 48+ (14.6+) IFW 30 49+ (14.9+) Unknown 
11 50 (15.2) IFW 31 71 + (21.6+) IFW 
12 53 (16.2) IFW 32 43(13.1) IFW 
13 49+ (14.9+) Unknown 33 43+(13.1+) IFW 
17 58+ (17.7+) Unknown 34 Unknown Unknown 
18 76 (23.2) IFW 35 80 (24.4) BFW 
19 63(19.2) IFW 36 110 (33.5) IBW 
21 46 (14.0) IFW 38 51(15.5) IFW 

IFW = LSL ends just inside the front wall 
IBW = LSL ends just inside the back wall 
BFW = LSL ends at an unknown distance beyond the front wall 
+ = Indicates that the LSL was measured from the water main to the front the home, and it 
is not known whether the LSL extends beyond the front wall of the home. 
Table Sl: LSL Lengths- The length of the LSLs for most sites were measured and are presented in this table. The 
LSLs for two sites (site 4 and site 34) were not measured. 

Figure S2: LSL Bulb 
Figure S3: LSL segment (3/4 inch I 1.91 em Figure S4: Severely corroded galvanized 
diameter) iron pipe. 
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Figure S2 shows a typical LSL in Chicago coming up from the foundation of the basement. The lead service line is a 
dull gray and easily scratched with a key. The soft LSL is typically soldered to the interior (household) plumbing, 
leaving a characteristic bulb. The LSL can also be connected to household pipe using a brass compression fitting. 

Figure S3 is a close-up of a 3/4 inch (1.91 em) diameter LSL, showing the thickness of a typical LSL. 

Figure S4 is a cross-section of a severely corroded galvanized pipe from one of the sample sites. In this photograph 
the inner diameter is significantly reduced which affects the volume of water that will flow through the pipe in a set 
amount of time. For homes with corroded galvanized pipe, water will flow slower through the pipe and longer 
flushing times are generally needed to flush the lead from the plumbing. 

City Information 

Samples were collected from 32 single-family homes in Chicago with LSLs. Twenty-three 
homes were in the Jardine Plant service area and nine homes were in the South Plant service 
area. 

Site# Home Built Service Area 
01 1893 Jardine 
03 1960 Jardine 
04 1941 South 
05 1901 South 
06 1953 Jardine 
07 1900 Jardine 
08 1941 Jardine 
09 1920 Jardine 
10 1943 Jardine 
11 1912 Jardine 
12 1952 Jardine 
13 1950 South 
17 1907 Jardine 
18 1953 Jardine 
19 1912 Jardine 
21 1938 Jardine 
22 1924 Jardine 
23 1944 South 
24 1906 Jardine 
25 1917 South 
26 1954 South 
27 1891 Jardine 
28 1932 Jardine 
29 1890 Jardine 
30 1954 South 
31 1923 Jardine 
32 1923 South 
33 1927 Jardine 
34 1915 Jardine 
35 1900 Jardine 
36 1957 South 
38 1927 Jardine 

Figure SS: Home age and plant service areas for sampling locations 
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Table S2 contains a summary of the City's compliance monitoring data for lead. The City 
exceeded the lead AL only once, during the July-December 1992 compliance monitoring period. 

City of Chicago (1992- 2010) 
90th Percentile Lead Values (Jt~/L) 

Monitoring Period Begin Monitoring Period End Number of Samples 90th Percentile Value 

1/1/2008 12/31/2010 50 6 

1/1/2005 12/31/2007 50 6 

1/1/2002 12/31/2004 50 4 

1/1/1999 12/31/2001 50 7 

1/1/1999 12/31/1999 50 8 

1/1/1998 12/31/1998 53 14 

7/1/1997 12/31/1997 100 11 

1/1/1997 6/30/1997 100 10 

1/1/1993 6/30/1993 100 13 

7/1/1992 12/31/1992 120 20 

1/1/1992 6/30/1992 100 10 

Table S2: City of Chicago 90th Percentile Compliance Values (1992- 2010) 

Laboratory and Analytical Information 

All samples were inspected for visible particulates prior to delivery to the laboratory. In light of 
the significant increase in visible particulate in the final round of monitoring, the presence of fine 
particulates that would readily dissolve in the nitric acid preservative should not be discounted. 
Samples collected during the final round of monitoring coincided with the Fire Department's 
annual valve exercising. Colloidal lead may explain some of the variability in lead levels 
between the June and Sept/Oct rounds. 

Laboratory blanks, laboratory fortified blanks and laboratory fortified samples were nm at a 
frequency of at least one per twenty samples. Laboratory blanks run with the samples did not 
have any detections of lead above the reporting limit and all Laboratory fortified blanks and 
laboratory fortified samples had recoveries greater than 90%. 

All laboratory instrumentation was inspected and maintained according to Chicago Regional 
Laboratory maintenance protocols, and calibrated daily according to Chicago Regional 
Laboratory standard operating procedures. 

The Chicago Regional Lab Quality Assurance (QA) Contact performed a data quality assessment 
on the results based on laboratory blanks, laboratory fortified blanks and matrix spikes. The QA 
Contact identified no biases in the sample results due to these quality control measurements. 

Sampling Summaries 

Sample site summary table - A summary table of the types of samples collected at each 
site, for each sampling protocol is presented in Table S3 below. The highlighted rows for Sites 2, 
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14, 15, 16 & 37 were confirmed not to have LSLs and Site 20 is the same residence as Site 21 
(Kitchen tap and bathroom tap). Following the first round of sampling, Site 20 (bathroom tap) 
was no longer sampled, to maintain consistency of using kitchen taps across all sites. Only 
sample results from LSL sites are presented and analyzed in the study paper. The first liter of the 
sequential samples in June and Sept/Oct also serve as the PF first-draw samples. 

Summary of Samples Collected at Each Site 

Site# 
Total# Mar/April June Sept/Oct 

Samples Day 1 Day 2 Day 1 Day 1 Day2 Day3 
01 34 A,C B,D E-12 samples A E-14 samples F,G,H 
02 16 A,C B,D E-12 samples DNS DNS DNS 
03 30 A,C B,D E-12 samples A E-ll samples F,G 
04 16 A,C B,D E-ll samples DNS DNS DNS 
05 28 A,C B,D E-12 samples A E-ll samples DNS 
06 28 A,C B,D E-12 samples A E-ll samples DNS 
07 35 A,C B,D E-12 samples A E-15 samples F,G,H 
08 35 A,C B,D E-12 samples A E-15 samples F,G,H 
09 30 A,C B,D E-12 samples A E-ll samples F,G 
10 34 A,C B,D E-12 samples A E-14 samples F,G,H 
11 30 A,C B,D E-12 samples A E-ll samples F,G 
12 34 A,C B,D E-12 samples A E-14 samples F,G,H 
13 16 A,C B,D DNS A E-ll samples DNS 
14 4 A,C B,D DNS DNS DNS DNS 
15 4 A,C B,D DNS DNS DNS DNS 
16 4 A,C B,D DNS DNS DNS DNS 
17 34 A,C B,D E-12 samples A E-14 samples F,G,H 
18 30 A,C B,D E-12 samples A E-ll samples F,G 
19 27 A,C B,D E-12 samples DNS E-ll samples DNS 
20 4 A,C B,D DNS DNS DNS DNS 
21 28 A,C B,D E-12 samples A E-ll samples DNS 
22 28 A,C B,D E-12 samples A E-ll samples DNS 
23 30 A,C B,D E-12 samples A E-ll samples F,G 
24 33 A,C B,D E-12 samples A E-14 samples F,G 
25 16 A,C B,D E-12 samples DNS DNS DNS 
26 30 A,C B,D E-12 samples A E-ll samples F,G 
27 33 A,C B,D E-12 samples A E-14 samples F,G 
28 30 A,C B,D DNS A E-ll samples F,G 
29 40 A,C B,D E-12 samples A E-20 samples F, G,I 
30 18 A,C B,D DNS A E-ll samples F,G 
31 31 A,C B,D E-12 samples A E-12 samples F,G 
32 28 A,C B,D E-12 samples A E-ll samples DNS 
33 33 A,C B,D E-12 samples A E-14 samples F,G 
34 18 A,C B,D DNS A E-ll samples F,G 
35 30 A,C B,D E-12 samples A E-ll samples F,G 
36 30 A,C B,D E-12 samples A E-ll samples F,G 
37 4 A,C B,D DNS DNS DNS DNS 
38 16 A,C B,D E-12 samples DNS DNS DNS 

A ~ NHU First-draw Sample F ~ 3-minute Flushed Sample 

B ~ PF First-draw Sample G ~ 5-minute Flushed Sample 

C ~ NHU 45-Second Flushed Sample H ~ 7 -minute Flushed Sample 

D ~ PF 45 -Second Flushed Sample I~ 10-minute Flushed Sample 

E ~ Sequential Sample DNS ~ Site did not sample 

Table S3: Smmnary of samples collected at each site usmg each samphng protocol. 
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First-draw and 45-secondjlushed samples- Results for first-draw and 45-second 
flushed samples using the normal household use (NHU) and pre-flushed (PF) sampling protocols 
are presented in Table S4 below. 

In addition to the first-draw samples, a 45-second flush sample was collected by nmning the 
water for 45 seconds immediately following the collection of the NHU first-draw and PF first
draw samples during the March/ April sampling. Overall, the 45-second flush sample results were 
higher than the first-draw results, and yielded a higher percentage of results above the lead AL. 
A total of32 NHU/45-second flushed and 32 PF/45-second flushed samples were collected, with 
6 NHU 45-second flushed results above the lead AL (19%), and 5 PF/45-second flushed results 
above the AL (16%). The total number of 45-second flush sample results above the lead AL was 
11 of 64 (17% ); a percentage significantly higher than the first-draw results (2% ). 

First-draw and 45-second Flushed Sample Lead Results (J.Lg!L) 

B = PF First-draw Sample DNS = Site did not sample 
C = NHU 45-Second Flushed n =number of collected 

Table S4a: First-Draw and 45-Second Flushed Sampling Results. Samples that were above the lead AL are in bold, 
and samples that contained visible particulates are shaded yellow. 
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Summary ofNHU and PF First-Draw Results 
NHU PF PF NHU 

(Mar/Apr) (Mar/Apr) (June) (Sept/Oct) 

8 7 8 10 

32 32 28 29 

0 0 0 2 

PF 
(Sept/Oct) 

9 

30 

1 

Table S4b: Comparison ofLCR-equivalent 90th percentile results using alternative first-draw protocols. 

Sequential sampling results (June 2011)- The sequential sampling approach provided a 
more reliable (volumetric) method for assessing corrosion as compared to a flushed (time-based) 
approach. Attempting to characterize the flow at each site would require an evaluation of the 
plumbing materials and dimensions, as well as the condition of the plumbing materials at each 
site, is not a feasible or reliable protocol for compliance monitoring. 

The results of the each liter in the sequential sampling conducted in June are tabulated below in 
Table S5 by site. 
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Table SS: Smrunary of June Sequential Sampling Results. Samples that were above the lead AL are in bold, and 
samples that contained visible particulates are shaded yellow. 

Sequential Sampling Results (September and October 2011)- The results of the each 
liter in the sequential sampling conducted in September and October are tabulated below in 
Table S6 by site. Considerably more sample results contained visible particulates than in 
previous rounds. The presence of particulates may be a result of the Chicago Fire Department 
exercising valves during the time period when samples were being collected. 

All sites collected at least 11 sequential samples, and some sites with high sample results in June 
collected additional samples. The additional sequential sample results are included here but were 
not included in the data analyses, since extra samples were collected only from sites with high 
lead. A review of the data, including and excluding these additional results was performed to 
ensure that a bias has not been introduced, and the review indicates that the study findings are 
not significantly affected by including or excluding the data. With the additional 39 samples 
included, a total of 80 of 3 58 sample results (22%) exceeded the lead AL. Using only samples 1 
through 11 from each site, a total of 7 5 of 319 sample results (24%) exceeded the lead AL. For 
the purpose of the data analyses, the first liter sample from the sequential samples in June and 
Sept/Oct also serve as the first-draw PF sample. 
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Table S6a: Summary of September /October sequential sampling results used in data analyses. Samples that were 
above the lead AL are in bold, and samples that contained visible particulates are shaded yellow. 
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Site 12 
01 13.9 
03 --
05 --
06 --
07 12.7 
08 12.8 
09 --
10 --
11 --
12 6.98 
13 --
17 2.84 
18 --
19 --
21 --
22 --
23 --
24 12.8 
26 --
27 16.0 
28 --
29 11.1 
30 --
31 4.17 
32 --
33 12.4 
34 --
35 --
36 --

Min 2.84 

Max 16.0 
Ave 10.6 

90th o/oile 13.9 
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Sept/Oct Sequential Sampling Results by Site/Liter (Jtg/L) 
Liter 

13 14 15 16 17 18 
14.1 11.7 -- -- -- --
-- -- -- -- -- --
-- -- -- -- -- --
-- -- -- -- -- --

9.29 6.52 6.03 -- -- --
9.34 7.93 6.27 -- -- --

-- -- -- -- -- --
27.1 21.1 10.7 -- -- --

-- -- -- -- -- --
3.28 2.04 -- -- -- --

-- -- -- -- -- --
2.62 2.59 -- -- -- --

-- -- -- -- -- --
-- -- -- -- -- --
-- -- -- -- -- --
-- -- -- -- -- --
-- -- -- -- -- --

15.3 15.4 -- -- -- --
-- -- -- -- -- --

12.8 9.24 -- -- -- --
-- -- -- -- -- --

10.1 9.21 9.01 9.29 8.99 8.77 
-- -- -- -- -- --
-- -- -- -- -- --
-- -- -- -- -- --

11.5 10.1 -- -- -- --
-- -- -- -- -- --
-- -- -- -- -- --
-- -- -- -- -- --

2.62 2.04 6.03 9.29 8.99 8.77 
27.1 21.1 10.7 9.29 8.99 8.77 
11.5 9.58 8.00 9.29 8.99 8.77 
15.3 15.4 10.7 9.29 8.99 8.77 

19 20 
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --

8.73 8.39 
-- --
-- --
-- --
-- --
-- --
-- --
-- --

8.73 8.39 
8.73 8.39 
8.73 8.39 
8.73 8.39 

Table S6b: Smrunary of Supplemental September/October sequential sampling results not used in data analyses. 
Samples that were above the lead AL are in bold, and samples that contained visible particulates are shaded yellow. 
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Stagnation Times - Volunteers were asked to record the date and time water was last used, and 
the date and time when sampling began for each set of samples. Table S6c is a summary table 
which contains the stagnation times for the sequential samples, which is the amount of time the 
water sat motionless in the household prior to sample collection. 

Sample Collection Stagnation Times 

June Sequential Sept/Oct Sequential 
Sampling Sampling 

Stagnation Stagnation 
Site Time Site Time 

(brs:mins) (brs:mins) 
1 6:32 1 8:04 
3 7:13 3 7:45 
4 7:06 5 7:45 
5 7:00 6 8:00 
6 9:10 7 7:13 
7 7:24 8 6:05 
8 7:35 9 7:20 
9 8:15 10 *** 
10 6:06 11 7:08 
11 7:00 12 6:26 
12 8:06 13 *** 
17 6:25 17 6:55 
18 8:43 18 12:53 
19 6:30 19 *** 
21 6:15 21 6:00 
22 6:20 22 6:15 
23 7:45 23 9:00 
24 8:33 24 7:01 
25 8:32 26 7:00 
26 7:00 27 7:45 
27 7:00 28 8:00 
29 *** 29 *** 
31 7:26 30 10:45 
32 7:13 31 7:30 
33 7:02 32 6:54 
35 7:04 33 9:06 
36 7:45 34 7:05 
38 7:13 35 6:55 

36 8:47 

***Volunteer did not record date/time the water was 
last used, but said it was the day before and was at 
least 6 hours before sampling. 

Table S6c: Smrunary of stagnation times for sequential sampling. 
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Seasonal Variability- Table S6d contains a site by site comparison oflead concentrations. 

Seasonal Variability (Spring vs. Fall & Summervs. Fall) 

First-Draw NHU 
Sept/Oct> 

First-Draw PF 
Sept/Oct> Sequential Sept/Oct> 

Mar/Apr Mar/Apr Samples June 
No. ofSample 

28 
No. of Sample 

29 
No. ofSample 

285 
Pairs Pairs Pairs 
No. Higher in 

19 
No. Higher in 

20 
No. Higher in 

156 
Sept/Oct Sept/Oct Sept/Oct 
%Higher in 

68% 
%Higher in 

69% 
%Higher in 

55% 
Sept/Oct Sept/Oct Sept/Oct 
First-Draw Samples: Mar/Apr vs. Sept/Oct (Same Site, Same First-Draw Protocol Compared) 
Sequential Samples: June vs. Sept/Oct (Same Site/Same Liter Compared) 

Table S6d: Seasonal variability effects observed. 

Flushed sample results - The results of the flushed samples collected in September and October 
are tabulated in Table S7 by site. Most sites collected a 3 minute and 5 minute flushed sample. 
Some sites collected a 3, 5, and 7 minute flushed sample; and one site (site 29) collected a 3, 5, 
and 10 minute flushed sample, due to the length of the service line (159ft I 48.5 m). 

A flushed sample is collected by fully opening the sample tap and letting the water run for at 
least five minutes prior to a minimum 6 hour stagnation period. The date and time of the PF was 
recorded. After the minimum 6 hour stagnation period, and immediately before beginning the 
flushed sample collection, the date and time were again recorded and used as the start of 
sampling. The 3, 5, 7 and 10 minutes are measured from that start time, and water was not turned 
off between samples. For sequential sampling and flushed samples, the water was not turned off 
between samples. 

EPA's current Public Notification Handbook includes instructions that advise residents to run the 
water between 30 and 45 seconds before collecting water for consumption if the water has not 
been used for an extended period of time. Running the water (flushing) for 45 seconds resulted 
in high lead levels at the tap for some sites. The flushed sampling results in this study indicate 
that EPA should develop a more appropriate flushing guidance, based on whether a home has a 
LSL or not, and the length of the LSL. 

For homes with long LSLs, such as Site 29 (159ft I 48.5 m), flushing may not be a practical way 
to reduce lead levels, as lead levels did not decline any further following 3, 5 and 10 minutes of 
flushing. In the case of site 29, residents would likely have a minimum of approximately 8 to 
11 Jlg/L of lead in the drinking water for all water consumed, and should consider installing a 
water filter or using bottled water for drinking and cooking. 
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Flushed Sample Summary Table (pg/L) 
Mar/Apr2011 Mar/Apr2011 Sept/Oct2011 Sept/Oct 2011 Sept/Oct 2011 Sept/Oct 2011 

Site NHU 45sec PF 45sec 3min Smin 7min lOmin 
01 11.3 11.9 6.48 6.97 
03 12.0 6.71 3.78 2.93 
04 6.76 2.56 
05 13.2 14.1 
06 1.90 2.13 
07 15.3 24.9 5.49 5.46 5.32 
08 32.2 28.0 8.25 5.54 5.71 
09 15.9 17.7 14.3 7.23 
10 25.0 21.6 4.95 4.30 4.09 
11 4.13 5.30 1 75 1.69 
12 17.2 5.45 1 78 1.45 1.33 
13 3.50 2.94 
17 4.00 3.70 2.88 2.76 2.86 
18 9.57 12.4 4.15 3.71 
19 4.69 8.27 
20 2.80 2.54 
21 6.87 13.8 
22 9.19 7.93 
23 13.1 11.5 5.64 
24 6.10 4.98 6.38 
25 3.75 ND 
26 3.02 3.45 5.06 3.23 
27 4.53 3.76 15.0 14.1 
28 4.99 4.70 4.82 3.26 
29 13.5 28.6 11.9 10.9 10.8 
30 12.5 6.52 5.80 4.82 
31 3.16 12.3 3.78 3.76 
32 2.29 7.82 
33 16.4 14.0 4.40 4.06 
34 1.51 3.30 1.83 1.75 
35 5.28 10.5 5.53 4.03 
36 111 8.76 7.19 5.29 
38 1.60 2.30 

NHU 45sec Samples were collected following the collection of the First-Draw NHU samples by running the water 
for45 seconds following the collectionofthe First-Draw NHU sample. 

PF 45sec Samples were collected following the collection of the First-Draw PF samples by running the water for 45 
seconds following the collection of the First-Draw PF sample. 

3min, 5min, 7min, and lOmin flushed samples were collected after pre-flushing the tap for at least 5 minutes prior to 
the minimmn 6 hour stagnation time during which no water was used in the home. Following the stagnation period 
and prior to sample collection, residents flushed the tap for 3 min to collect the 3min sample, and then an additional 
2min for the 5min sample or 4min for the 7min sample. One site (site 29) had the longest lead service line so this 
site collected a 3 min, 5 min and lOmin flushed sample (water was flushed for an additional 5 minutes following the 
collection of the 5min sample to collect the 10 min flushed sample). Water was not turned off in between samples to 
avoid the water hatruner effect. Residents were instructed to have the bottles ready to insert under the faucet at the 

time. 

Site 20 and Site 21 are the same residence. Site 20 was the upstairs bathroom and Site 21 was the kitchen sink. Note 
that neither the 45sec NHU nor PF samples from the upstairs tap captured any LSL water, while at least one of the 
kitchen tap smnples did. 

Table S7: Smrunary table of flushed sample results. Samples that were above the lead AL are in bold, and smnples 
that contained visible particulates are shaded yellow. 
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Classification of Disturbed LSL Sites - A summary of the classification of each site as 
"disturbed", "undisturbed", or "indeterminate" is presented in Table S8, along with the number 
of samples collected per site and the number and percentage of sample results above the lead 
action level. The results from the "disturbed" and "undisturbed" sites are consistent with other 
research efforts showing that LSL disturbances result in higher lead levels [1-

31 . 

Disturbed, Undisturbed and Indeterminate Site Summary 

Disturbed 
Total #Samples 

Undisturbed 
Total #Samples 

Indeterminate 
Total #Samples 

Sites 
Samples AboveAL 

Sites 
Samples aboveAL 

Sites 
Samples aboveAL 

Collected (Disturbed) Collected (Undisturbed) Collected (Indeterminate) 
01 27 16 03 27 4 12 27 17 
05 27 2 04 14 0 21 27 7 
07 27 11 06 27 0 33 27 6 
08 27 19 11 27 0 --- --- ---
09 27 15 13 15 0 --- --- ---
10 27 15 18 27 0 --- --- ---
17 27 3 19 27 0 --- --- ---
27 27 5 22 27 0 --- --- ---
28 15 0 23 27 0 --- --- ---
29 27 15 24 27 0 --- --- ---
30 15 4 25 14 0 --- --- ---
31 27 10 26 27 0 --- --- ---
35 27 2 32 27 2 --- --- ---
--- --- --- 34 15 0 --- --- ---
--- --- --- 36 27 0 --- --- ---
--- --- --- 38 16 0 --- --- ---

Totals 327 117 Totals 371 6 Totals 81 30 
% of samples above AL: 36% % of samples above AL: 2% % of samples above AL: 37% 

Table S8: Smmnary Table of Disturbed, Undisturbed and Indeterminate Sites, with the number and percentages of 
sample results above the lead AL for each site and each grouping. 

Many direct LSL disturbances are localized to a specific segment of the LSL, and yet some sites 
have higher lead levels in sample liters over a significant portion of the LSL, not just in the 
immediate area of the LSL that was disturbed. A probable reason is that, except for the initial 
liter of water, each subsequent one-liter sample reflects both lead levels within the segment of 
the plumbing where the water stagnated as well as a contribution from the rest of the plumbing 
the water travelled through. For example, the fifth liter of water collected from a kitchen tap will 
not only capture the lead from the segment of LSL where the water stagnated, but it will also 
collect contributions from the plumbing downstream as the water passes through the remaining 
LSL and internal plumbing on the way to the kitchen tap. If the sample results only represented 
the portion of the plumbing where the water stagnated, it would be expected that a variety of 
metals would be found in the initial liters due to the presence of a variety of metallic plumbing 
materials and components, but only lead should be found in the LSL samples. In this study, a 
variety of metals was detected even in samples that represented LSL samples (Figure S6). 

Specifically, for Site 9, information provided by the resident indicated that the internal pipe from 
the LSL to the kitchen tap was galvanized iron pipe. This was confirmed by the co-occurrence of 
higher levels of zinc and iron within the first liter of water in figure S6. There were no copper 
pipes in the home, so the presence of the copper is indicative of brass components (faucet, 
connectors, shut-offvalve(s), and the water meter). Trace amounts of iron, zinc and copper are 
captured in the later liter samples as the water flows through the internal plumbing en route to 
the kitchen tap, along with traces of iron, potentially from the water main. It can reasonably be 
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assumed that the same phenomenon occurred for lead. Disturbed areas of the LSL have damaged 
scale, which can expose water passing through them to fresh lead. Therefore, lead measured in 
any sample upstream of the damaged area may include lead contributions from the damaged 
area. 

Sample location: Site 9 (June Sequential Sampling) 

•Lead Zinc 

2.5 90 
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Figure S6: The LSL at Site 9 measures approximately 102 ft (31.1 m) from the water main to the meter. From the 
meter, there is approximately 13.5 ft ( 4.1 m) of 1 inch (2.54 em) galvanized pipe to the kitchen tap. 

Variability of lead levels in City B- A second city, City B, exceeded the lead AL during 
the July-Dec 2010 monitoring period, and was required to comply with the LSL replacement 
requirements in the LCR. Table S9 contains the compliance monitoring history for City B. 

Monitoring Period Monitoring Period Number of Lead 901
n Percentile 

Begin Date End Date Samples Value (~g/1) 
7/1/2011 12/31/2011 101 12 
1/1/2011 6/30/2011 130 14 
7/1/2010 12/31/2010 105 23 
1/1/2009 12/31/2009 51 15 
1/1/2008 12/31/2008 58 14 
1/1/2007 12/31/2007 50 11 
1/1/2006 12/31/2006 60 14 
1/1/2005 12/31/2005 54 13 
1/1/2004 6/30/2004 104 12 
7/1/2003 12/31/2003 108 12 
1/1/2002 12/31/2004 50 15 
1/1/1999 12/31/1999 55 14 
1/1/1998 12/31/1998 50 6 
1/1/1997 12/31/1997 50 7 
7/1/1996 12/31/1996 50 15 
1/1/1996 6/30/1996 50 15 
7/1/1992 12/31/1992 50 15 
1/1/1992 6/30/1992 50 21 

Table S9: City B 90th percentile compliance values (1992- 2012). Samples that were above the lead AL are in bold. 
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The sampling instructions presented in Figure S7 are in accordance with the LCR, and were used 
to collect the LSL samples in City B, which has approximately 25,000 LSLs. 

Instructions for Lead Sample Collection 

1 Make sure the faucet used for 

device. 
z At make sure the rnu ... wu'" 

undisturbed for a 

collection 

11 No faucets in the house are 
11 The toilet is not flushed 

• The water Is not run for an lee maker. 

3 When you are to collect the <:::~m,n•~>~ 

Make sure the is taken before any other water is used. 

" the collection container. 

• Turn on the cold water. 
11 Allow the water to run until there a ~•arutlr·::~nt 

• Fill the container to the shoulder. 

• Do not rinse the bottle out. 
11 capthe 

4 Fill out the enclosed chain of 

S Fold and secure the chain 

container. 

container. 

form and survey. 

Place the container outside where it was·delivered. 

remains 

shower and sinks. 

•:• A utilities up the container. No one will enter your home. The 

must be left outside to be up. 

Figure S7: LSL sampling instructions provided by City B to residents. 

The sampling protocol used for collecting LSL samples ("allow the water to run until there is a 
significant change in temperature") can result in some sample results reflecting lead levels from 
internal plumbing rather than from within the LSLs. 

The results from City B are presented below in Figure S8. Similar to the results presented for the 
study of Chicago, City B 's results show significant variability in LSL lead levels across the 
system. Following the 2010 lead AL exceedance, the City B took 1,975 LSL samples, with a 
total of 1,762 results (89%) below the lead ALand 213 results (11 %) above the lead AL. LSL 
results above the AL were significantly variable, ranging from 16 Jlg!L to 580 Jlg/L with a large 
number of sample results in exceedance of 50 Jlg!L. 
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Lead Service Line Results Above AL - City B 
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Figure S8: Range of lead values for City B LSL sampling results 
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Sequential Sampling Summary Graphs-The headers are color-coded based on whether 
the site has a disturbed LSL (red) or an undisturbed LSL (green). Sites for which this could not 
be determined (indeterminate sites) are color-coded orange. Water usage information is listed for 
each site. The samples which contained visible particulates are highlighted yellow, and the 
results that are above the lead AL are in bold text in the data tables. For sites that conducted 
sequential sampling in both June and Sept/Oct, the sequential sampling profiles were generally 
consistent during both sampling periods (see Figures S9- S40). 
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Disturbance( s ): Water meter installed in 20 I 0 
ApproximateLSL Length: 89ft (27.1 m) 
AveMonthlyWaterUse: 3,444gal.(l3,037 L) 

Figure S9: Sequential Lead Results- Sample Site #I (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 73ft (22.3 m) 
Ave Monthly Water Use: Not metered 

5 

Figure SlO: Sequential Lead Results- Sample Site #3 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: Unknown 
Ave Monthly Water Use: Not metered 

Figure Sll: Sequential Lead Results- Sample Site #4 (June) 

Site4 -June 

SiteS -June 

1 l 4 5 

Disturbance( s ): Water meter installed in 20 II 
ApproximateLSL Length: 80ft (24.4 m) 
Ave Monthly Water Use: 10,400 gal. (39,368 L) 

Figure S12: Sequential Lead Results- Sample Site #5 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 60ft (18.3 m) 
Ave Monthly Water Use: Not metered 

5 

Figure S13: Sequential Lead Results- Sample Site #6 (June and Sept/Oct) 
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Disturbance(s): Street excavation, potential installation of Cu whip at service connection in 2008 
ApproximateLSL Length: 59+ ft (18.0+ m) 
Ave Monthly Water Use: Not metered 

Figure S14: Sequential Lead Results- Sample Site #7 (June and Sept/Oct) 
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Site 8 

1 2 .3 4 5 6 7 8 9 

Disturbance( s ): Leak in parkway, repaired roundway in 2005. 
ApproximateLSL Length: 57ft (17.4 m) 
Ave Monthly Water Use: Not metered 

Figure S15: Sequential Lead Results- Sample Site #8 (June and Sept/Oct) 
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Disturbance(s): Water meter installed in 2008. 
ApproximateLSL Length: 102 ft(3U m) 

Site9 

6 7 

-June 

10 11 12 B 14 15 

-June 

-------- -------- "·------

8 9 10 11 12 

Ave Monthly Water Use: 3,190 (12,075 L)- In Sept 20ll, usage was 24,000 gaL (90,850 L) due to 
hose left running for one or more days. In calculating the overall average, the Sept 20 I 0 value of 
8,000 gaL (30,283 L) was also used for Sept 2011 instead of the 24,000 gaL (90,850 L) value. 

Figure S16: Sequential Lead Results- Sample Site #9 (June and Sept/Oct) 

S23 of42 

Flint FOIA Production 12-120000055 ED_ 000838 _ 00000635-00023 



.':\5.0 

30.0 

25.0 

~ 20.0 
::1. :a 15.0 

0.. 

10.0 

5.0 

0.0 

EPA FOIA Production 12/12/2016 
Flint Water Documents 

Site 10 -June 

1 2 .':\ 4 5 6 7 8 9 10 11 12 B 14 15 

Disturbance(s): Service leak repair, water meter installed in 2009. 
ApproximateLSL Length: 48+ ft (14.6 m) 
Ave Monthly Water Use: 1,826 gal. (6,912 L) 

Figure S17: Sequential Lead Results- Sample Site #10 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 50ft (15.2 m) 
Ave Monthly Water Use: Not metered 

5 

Figure S18: Sequential Lead Results- Sample Site #II (June and Sept/Oct) 
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25.0 

~ 20.0 
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Disturbance( s ): Indeterminate 
ApproximateLSL Length: 53 (16.2 m) 
Ave Monthly Water Use: Not metered 

Site 12 

5 6 7 

Figure S19: Sequential Lead Results- Sample Site #12 (June and Sept/Oct) 

Disturbance(s): No known disturbance 
ApproximateLSL Length: 49+ ft (4.9 m) 
Ave Monthly Water Use: Not metered 

Figure S20: Sequential Lead Results- Sample Site #13 (Sept/Oct) 
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Site 17 
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Disturbance(s): Meter replacement in 2008. 
ApproximateLSL Length: 58+ ft (17.7+ m) 
Ave Monthly Water Use: 9,772 gaL (36,991 m) 

Figure S21: Sequential Lead Results- Sample Site #17 (June and Sept/Oct) 
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Disturbance(s): No known distutbance 
ApproximateLSL Length: 76ft (23.2 m) 
Ave Monthly Water Use: Not metered 

5 

Figure S22: Sequential Lead Results- Sample Site #18 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 63ft (19.2 m) 
Ave Monthly Water Use: Not metered 
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Figure S23: Sequential Lead Results- Sample Site #19 (June and Sept/Oct) 
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Disturbance( s ): Indeterminate 
ApproximateLSL Length: 46ft (14.0 m) 
Ave Monthly Water Use: Not metered 
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Figure S24: Sequential Lead Results- Sample Site #21 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 65ft (19.8 m) 
Ave Monthly Water Use: Not metered 
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Figure S25: Sequential Lead Results- Sample Site #22 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 66ft (20.1 m) 
Ave Monthly Water Use: Not metered 
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Figure S26: Sequential Lead Results- Sample Site #23 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 56ft (17.1 m) 
Ave Monthly Water Use: Not metered 
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Figure S27: Sequential Lead Results- Sample Site #24 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 70ft (21.3 m) 
Ave Monthly Water Use: Not metered 
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Figure S28: Sequential Lead Results- Sample Site #25 (June and Sept/Oct) 
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Site 26 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 66ft (20.1 m) 
Ave Monthly Water Use: Not metered 

Figure S29: Sequential Lead Results- Sample Site #26 (June and Sept/Oct) 
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Disturbance(s): Meter replacement in 2010. 
ApproximateLSL Length: 47+ ft (14.3 m) 
Ave Monthly Water Use: 4267 gaL (16,152 L) 

Figure S30: Sequential Lead Results- Sample Site #27 (June and Sept/Oct) 
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4 

Disturbance(s): Meter replacement in 2009. 
ApproximateLSL Length: 61+ ft (18.6+ m) 
Ave Monthly Water Use: 4273 gal. (16,175 L) 

Figure S31: Sequential Lead Results- Sample Site #28 (Sept/Oct) 
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Disturbance(s): Probable Approximate LSL leak repair, meter installed in 2010. 
ApproximateLSL Length: 159ft (48.5 m) 
Ave Monthly Water Use: 1,438 gal. (5,443 L) 

Figure S32: Sequential Lead Results- Sample Site #29 (June and Sept/Oct) 
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Site 30 

Disturbance(s): Broken water main in 2000, sidewalk replaced & street re-surfacing. 
ApproximateLSL Length: 49+ ft (14.9 m) 
Ave Monthly Water Use: Not metered 

Figure S33: Sequential Lead Results- Sample Site #30 (Sept/Oct) 
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Site 31 

Disturbance( s ): Approximate LSL leak repair in 20 I 0. 
ApproximateLSL Length: 7l+ft(2l.6+m) 
Ave Monthly Water Use: Not metered 

Figure S34: Sequential Lead Results- Sample Site #31 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 43 ft(l3.l m) 
Ave Monthly Water Use: Not metered 
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Figure S35: Sequential Lead Results- Sample Site #32 (June and Sept/Oct) 
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Disturbance( s ): Indeterminate 
ApproximateLSL Length: 43+ ft (13.1 m) 
Ave Monthly Water Use: Not metered 
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Figure S36: Sequential Lead Results- Sample Site #33 (June and Sept/Oct) 
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Site34 

1 2 3 4 .s 6 

Disturbance(s): No known disturbance 
ApproximateLSL Length: Unknown 
Ave Monthly Water Use: Not metered 

Figure S37: Sequential Lead Results- Sample Site #34 (Sept/Oct) 
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Disturbance( s ): Meter installed in Aug 2011 (between June and Sept/Oct sampling). 
ApproximateLSL Length: 80ft (24.4 m) 
Ave Monthly Water Use: 4,667 gaL (17,667 L)- Data available only for Aug-Oct 2011 

Figure S38: Sequential Lead Results- Sample Site #35 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 83+ ft (25.3 m) 
Ave Monthly Water Use: Not metered 
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Figure S39: Sequential Lead Results- Sample Site #36 (June and Sept/Oct) 
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Disturbance( s ): No known disturbance 
ApproximateLSL Length: 51 ft(l5.5 m) 
Ave Monthly Water Use: Not metered 

Figure S40: Sequential Lead Results- Sample Site #38 (June) 
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Sampling collection and reporting instructions and forms 
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March/April sampling- The sampling instructions and forms below were used in the 
March/ April sampling. Sampling was scheduled to conclude in March, but the sampling ran into 
April. As a result of the instructions below, some volunteers sampled one day at the kitchen tap 
and one day at the bathroom tap. The intent was to have all samples collected from the same tap, 
so volunteers that split the samples were asked to collect replacement samples so that a complete 
set of four samples was collected at the same tap. We chose the kitchen tap, and all samples 
collected thereafter were also collected at the kitchen tap. In addition, the 45-second flushed 
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sampling protocol was not used after the March/ April sampling due to the complication with 
corroded galvanized pipe. 

You will be taking a total of 8 samples for this study. One set of 4 samples will be taken in March 2011 and one set 
of 4 samples (using the same instructions) will be taken in August 2011. 

General Instructions for all four samples of a set 
Sample # 1 and Sample #2 must be collected one after another on the same day. 
Sample #3 and Sample #4 must also be collected one after another on the same day, and within the same week as 
Sample #1 and Sample #2. 

All samples should be collected from taps that are generally used by your household for drinking water. Do not 
collect samples from a taps that have not been used within the last 24 hours. Use a kitchen or bathroom cold-water 
faucet for your sampling. 

Do not collect samples from a tap that has a water filter or is connected to a water softener. If you have a water 
softener or water filter on your kitchen tap, collect your sample from a bathroom tap that is not attached to the water 
softener or water 

Collecting Sample # 1: The first sample is to be collected after water throughout the household has not been used 
for a minimum of 6 hours (example: midnight to 6am). During these 6 hours, do not flush toilets, shower, or run 
water from other faucets. The best time to collect samples is either: 
1) First thing in the morning, before any water is used in the household; or 2) Immediately upon returning from 

work, and prior to using any water, as long as water has not been used in the household during the day. 

1. When you are ready to collect your first sample, use the sample bottle labeled 'Sample # 1 '. 
2. Do not run any water from the tap before collecting the first sample. 
3. Place the opened sample bottle below the faucet and gently open the cold water tap. 
4. Fill the sample bottle as you would normally fill a glass of water for drinking, up to the neck of the bottle (see 

and turn off the water. the bottle. 

Important: Please make sure you use the bottle labeled 'Sample #2' (or your second sample' 

Collecting Sample #2: This sample is to be collected from the same faucet as Sample #1, immediately after 
collecting Sample #1. 

l. 45 Shut off the water and 
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sample bottle (labeled Sample #2) below the faucet and gently open the cold water tap. 
2. Fill the sample bottle as you would normally fill a glass of water for drinking, up to the neck of the bottle (see 

Dhl)to:graons on first and tum off the water. the bottle. 

Important: Please make sure you use the bottle labeled 'Sample #3' (Or your third sample! 

Collecting Sample #3: Collect on a different day in the same week as Samples #1 & #2. 

1. Before letting the water sit for a minimum of 6 hours, run the water from the faucet for 5 minutes at a high rate, 
and then do not use any water in the household for at least 6 hours after that (Example: Run the water for 5 
minutes at midnight before going to bed, and then do not use any water in the household until collecting the 
third sample at 6 am the following morning). 

2. Do not run any more water from the tap before collecting the third sample. Place the opened sample bottle 
below the faucet and gently open the cold water tap. 

3. Fill the sample bottle as you would normally fill a glass of water for drinking, up to the neck of the bottle (see 
Dhl)to:graohs on first and tum off the water. the bottle. 

Collecting Sample #4: This sample is to be collected from the same faucet as Sample #3. 

1. Immediately after collecting Sample #3, run the water for 45 seconds. Shut off the water, and place the opened 
sample bottle (labeled Sample #4) below the faucet and gently open the cold water tap. 

2. Fill the sample bottle as you would normally fill a glass of water for drinking, up to the neck of the bottle (see 
on first and tum off the water. the bottle. 

Figure S41: March/April sampling instructions. 
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Sample ID (from Sample Bottle #1): _____ _ Date/time Sample #1 was collected: 

Volunteer ID: Sampling Location: Kitchen Faucet D Bathroom Faucet D 

Date/time the water was last used in household before collecting Sample #1: 

\Vas sample #1 collected from a faucet that has a water softener or water filter? YesD NoD 

Sample ID (from Sample Bottle #2): _____ _ Date/time Sample #2 was collected: 

Volunteer ID: Sampling Location: Kitchen Faucet D Bathroom Faucet D 

Date/time the water was last used in household before collecting Sample #2: 

\Vas Sample #2 collected from the same faucet as Sample #1: YesD NoD 

Sample ID (from Sample Bottle #3): _____ _ Date/time Sample #3 was collected: 

Volunteer ID: Sampling Location: Kitchen Faucet D Bathroom Faucet D 

Date/time the faucet was flushed before collecting Sample #3: ______________ _ 

\Vas sample #3 collected from a faucet that has a water softener or water filter? YesD NoD 

Sample ID (from Sample Bottle #4): _____ _ Date/time Sample #4 was collected: 

Volunteer ID: Sampling Location: Kitchen Faucet D Bathroom Faucet D 

Date/time the faucet was flushed before collecting Sample #4: ______________ _ 

\Vas Sample #4 collected from the same faucet as Sample #3: YesD NoD 

Have there been any plumbing repairs or plumbing work done within the household during the last six months (including installation of 
new faucets)? Yes D No D 

If yes, explain briefly (Example- 'New faucet installed one week ago'): 

FOR EPA USE: Samples received by---------- Date/Time: 

Samples transferred to Region 5 Laboratory by---------- Date/Time: ---------

Volunteer Certification: I have read the sampling instructions and have collected the samples in accordance with the 
instructions provided. 

OR __________________________ _ 
Signature/Date Volunteer ID/Date 

Figure S42: March/ April sample collection and reporting form. 
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Sequential Sampling Instructions for June- The sampling instructions and forms below were used 
in the June sequential sampling. 

Sequential Sampling Instructions 
Please read all instructions before beginning your sampling 

General Information 
•Use only the kitchen faucet for all of these samples. 

•Use only cold water and open the cold water tap all the way when filling the bottles. 

•Fill each bottle to the top of the label on the sample bottle. 

Sam~ling Instructions 
•The night before sampling (right before everyone goes to bed) run the water from the kitchen tap for at least 5 
minutes. Write down the date/time you finished running the water on the form on the back side of this page. 

•The water must sit motionless in the home plumbing for at least 6 hours before collecting the samples so do not use 
water in the home after you finished running the water and until all samples are collected the following morning. 
Showering, flushing toilets, or other water use will affect the sampling results. It may help to tape a sign in the 
kitchen and bathrooms with a reminder not to use the water, in case people forget. 

• The bottles are numbered, and it is very important to collect them in order (Sample 1 first, Sample 2 second, etc.). 

• In the morning, when you are ready to sample, place the open bottles in order by sample number. You will be 
collecting the samples without shutting off the water in between samples, so you should remove the caps from all 
bottles so that you have all of the bottles ready to fill. You can put the caps on after all samples have been collected. 
Try not to let any water spill in between samples. 

•Write down the date/time right before you sample on the form on the back side of this page. 

•Begin by placing the Sample 1 bottle under the faucet and open the cold water slowly until the faucet is fully open. 
While one bottle is filling, grab the next bottle so that you are ready to move it under the faucet quickly. 

•Once the bottle is filled to the top of the label, quickly place the Sample 2 bottle under the faucet, and continue until 
you have filled all sample bottles. 

Sequential Sampling- Sample Collection and Reporting Form 
Volunteer ID: 

Sampling Information 
Date/time the wate1· was last used in household (the night before collecting the samples): -
Date/Time Volunteer Began Collecting Samples: 
Were All Samples Collected from the Kitchen Tap? Yes D NoD 

FOR EPA USE: Samples received by Date/Time: 
Samples transferred to Region 5 Laboratory by Date/Time: 

EPA Use: Visible Particulate in any samples? YesD NoD 
If Yes -List Samples With Particulate 

Volunteer Certification: I have read the sampling instructions and have collected the samples in accordance with 
the instructions provided. 

----------------------------------------- OR ______________________________ _ 
Signature/Date Volunteer ID/Date 

Figure S43: June sampling instructions and sample collection and reporting form. 
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Sampling instructions for September/October - In the final round of sampling, the number and 
type of samples was customized to each site and sites collected 3 days of sampling. The 
instructions below were for a site collecting one NHU First-draw sample, 11 sequential samples 
and a 2 flushed samples. Some sites collected additional sequential samples and some collected 3 
flushed samples instead of two. 

Sampling Instructions 
Please read all instructions before you start sampling. 

General Information 
Use only the kitchen faucet for all of these samples. 
Use only cold water. 
Open the cold water tap all the way when filling the bottles. 

u Fill each bottle to the top of the label on the sample bottle. 
Sampling Instructions 

There are three different sets of samples for you to collect (Sample Set #1, #2 and #3). 
Each set will be taken on a different day. (The three sampling sets do not have to be taken on three days in 
a row.) 

U A section of the reporting form (attached) needs to be filled in for each day of sampling. 
A) Sample Set #1 (1 bottle, Blue Label) 
1. The water must sit motionless in the home plumbing for at least 6 hours before collecting the sample. Typically, 
the night before taking the sample, make sure that no one uses water in the home until you collect the sample from 
the kitchen the following morning. 

2. In the morning, when you are ready to sample, write down the date/time on the attached form. 

3. Fill up the bottle with the BLUE LABEL. That's it for collecting the first sample set. 
B) Sample Set #2 "Sequential Sampling" (11 bottles, WHITE LABELS) 
1. The night before sampling (right before everyone goes to bed) run the water from the kitchen tap for at least 5 
minutes. Write down the date/time you finished nmning the water on the form. After nmning the water for 5 
minutes, it should sit motionless in the home plumbing for at least 6 hours. 

2. In the morning, your first water usage should be collecting eleven samples in a row (one after another). Use the 
bottles with the WHITE LABELS. The samples should be collected without shutting off the water in between 
samples. To do this, remove the caps from all eleven bottles before you tum on the water. 

3. Place the eleven open bottles in order by sample nmnber before you start collecting the samples Try not to waste 
water in between the samples. You can put the caps on after all 11 samples have been collected. The bottles are 
numbered Seq 01, to Seq 1l.lt is very important to collect the samples in order (Seq 01 first, Seq 02 second, 
etc.). 

4. Use the attached reporting fonn to note the date and time that you started taking the sample set. 
C) Sample Set #3 (2 Bottles, GREEN LABEL and YELLOW LABEL) 
1. The night before sampling (right before everyone goes to bed) run the water from the kitchen tap for at least 5 
minutes. Write down the date/time you fmished nmning the water on the form. After nmning the water for 5 
minutes, it should sit motionless in the home plumbing for at least 6 hours. 

2. In the morning, when you are ready to sample, write down the date/time on the attached reporting form. 

3. Run the water for 3 minutes, then collect a sample in the jar with the GREEN LABEL. Continue to let the water 
run for an additional2 minutes (for a total of 5 minutes), and collect the final sample in the bottle with the 
YELLOW LABEL. 

Figure S44: Sept/Oct sampling instructions. 
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Sample Collection and Reporting- Sampling set # 1 (Blue label) 
Volunteer ID: 

Sampling Information 

Date/time the water was last used in household (the night before collecting the samples): 

Date/Time Volunteer Began Collecting Samples: 

Were All Samples Collected from the Kitchen Tap? Yes D NoD 

FOR EPA USE: Samples received by Date/Time: 

Samples transferred to Region 5 Laboratory by Date/Time: 

EPA Use: Visible Particulate in any samples? YesD NoD 
If Yes -List Samples With Particulate 

-

Sample Collection and Reporting- Sampling set# 2 (11 samples, White labels) 
Volunteer ID: 

Sampling Information 

Date/time the water was last used in household (the night before collecting the samples): 

Date/Time Volunteer Began Collecting Samples: 

Were All Samples Collected from the Kitchen Tap? Yes D NoD 

FOR EPA USE: Samples received by Date/Time: 

Samples transferred to Region 5 Laboratory by Date/Time: 

EPA Use: Visible Particulate in any samples? YesD NoD 
If Yes -List Samples With Particulate 

Sample Collection and Reporting- Sampling set# 3 (Green and Yellow labels) 
Volunteer ID: 

Sampling Information 

Date/time the water was last used in household (the night before collecting the samples): 

Date/Time Volunteer Began Collecting Samples: 

We1·e All Samples Collected from the Kitchen Tap? Yes D NoD 

FOR EPA USE: Samples received by Date/Time: 

Samples transferred to Region 5 Laboratory by Date/Time: 

EPA Use: Visible Particulate in any samples? YesD NoD 
If Yes -List Samples With Particulate 

Volunteer Certification: I have read the sampling instructions and have collected the samples in accordance with 
the instructions provided. 

Signature/Date 

OR __________________________ __ 

Volunteer ID/Date 

Figure S45: Sept/Oct sample collection and reporting form. 
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Background. Most IEEd in drinking water comes from 
premisa plumbing materials and IEEd sarvire lines (LSLs). LSLs 
are generally the largest sourre of lEa:! in drinking water when 
they are prES:lnt in public water systems.1 The 1986 83fe 
Drinking water Act Amendments banned new lEa:! pipes in the 
potable water network, but a legocy of millions of partial or 
whole LSLs remains in many public water systems.2 Where the 
term "lEa:! corrosion" is U93d, it refers to the corrosion of lEa:! 
plumbing materials that result in the transfer of dissolved or 
particulate lEa:! into the drinking water. 

The LEa:! and Copper Rule (LCR) sanpling is intended to 
rra:EUre the lEa:! le.tels in drinking water to cm:ss the 
efi:cti\1811Effi of corrosion control trEEtment utilized by public 
water systems (P/11'2£,) to minimize lEa:! in drinking water. 
P/11'2£, are required to usa sanpling sites that are presumed to 
be the highest-risk sites for IEEd rela:se, and to optimize 
corrosion control to minimize lEa:! levels at consumers' taps. 
Most published sanpling studies typically focus on systems 
having high IEEd levels or systems that have experienced 
challenges in attempting to balanre LCR complianre with 
various other trEEtrnent or water quality objECtives. Exoept for 
LCR compl ianre data, I itt le published data exists or is available 
for systems that are considered to be operating with optimal 
corrosion control and meeting the lEa:! action level (AL) in the 
LCR This study focuses on a system that is considered to have 
optimized corrosion control using a blended phosphate, with a 
relatively stable water quality, and complianre results 
historically well below the lood AL. This situation is 
reprES:lntative of a large percentage of systems sarving 
100,000 or more people that utilize orthophosphate or blended 
phosphates for corrosion control and the vast majority of 

This article not subject to U.S Copyright. 
Published 2013 by the American Chemical 
Society 

Flint FOIA Production 12-120000056 

9300 

systems are meeting the lEa:! AL t:a::ecl on the current S31llpling 
protocol in the LCR. Additional information on the LCR and 
study is available in the Supporting Information (SI ). This 
study fOCU93d on whether (1) the current LCR complianre 
sanpling protocol adequately captures the pEEk lEa:! levels in a 
water system; (2) "preflushing" (PF) results in capturing lower 
lEa:! le.tels in sanples compared to S31llples collECted under 
normal household ~ (NHU) conditions; (3) a first-draw 
sanpling protocol appropriately determines the adequacy of 
optimal lEa:! corrosion control in water systems with LSLs; and 
(4) there is93ESOnal variability in thesanpling results using the 
difurent sanpling protocols. 

System Information. The Chicqp Department of water 
Management (CDWM) operates two similar conventional 
surfcm water filtration trEEtment plants sarving approximately 
5.4 million residents, including th093 in 125 suburbs. Lake 
Michigan is the sole water sourre, with relatively stable water 
quality looving the trEEtment plants and in the distribution 
system (Table 1). Before the LCR, CDWM utilized pH/ 
alkalinity adjustment for corrosion control. CDWM switched to 
a proprietary blended phosphate at both plants between 1993 
and 1994 which is still U93d as the primary corrosion control 
trEEtment. 

The LCR requires public water systems to collECt lEa:! 
sanples using a first-draw (FD) S31llpling protocol, andS31llples 
were collECted almost exclusively from single-fanily homes with 
LSLs as required by the LCR sanple site saiECtion require-
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Table 1. Water Quality Data 2011 

outlets distribution 

parameter min max min max 

temp (°C) 4 24 5 23 
turbidity (NTU) 0.1 0.2 0.1 0.4 
pH 7.5 7.8 7.7 7.8 
Cl2 residual (mg/L) 1.0 1.2 0.7 0.9 
total alkalinity (mg/L as CaC03) 103 108 98 108 
chloride (CI, mg/L) 16 20 17 20 
sulfate (mg/L) 29 31 29 30 

Ca (mg/L) 34 39 34 39 

P04 (mg/L) 0.4 0.6 0.5 0.5 
total P04 (mg/L) 0.8 1.1 0.8 1.2 

AI (119/L) 34 126 29 113 

Fe (119/L) <5 <5 <5 34 

Mn (119/L) <3 <3 <3 <3 

ments.3 8ince the initial LCR monitoring, Chicago has 
exoea::led the IEEd AL only once, during .lily- Doo3mber 
1992, with an averqJe OOth percentile compliance monitoring 
value between 1999 and 2010 of 6 iJQ/L (81 Table 82).3 

The LCR requirES 1-L, FD tap S311lpiES of water that has 
stood motionlESS in the plumbing system (i.e., has st<{lnated 
within the plumbing) for at least 6 h. The two variants of the 
FD scmpling protocol currently used by public water system; 
are defined herein as the NHU first-draw scmple, where water 
is used in a normal household manner, and then allowed to sit 
motionlESS in the plumbing for at least 6 h before the scmple is 
collected; and the PF first-draw S311lple, where the water is run 
from the S311lpling tap for a specified crnount of time 
immediately prior to the st<{lnation period. Howe.ter, the 
LCR dOES not provide specific details on water t..re during the 
st<{lnation period. 

Almost all p.,r.,f'2£, in the U.S. rely on rESidents to collect 
compliance scmpiES under the LCR and there are difurenCES 
ocrOffi the U.S. in how system; instruct rESidents not to t..re the 
water during the st<{lnation period prior to collecting the 
scmple. A re.tiew of example sats of scmpling instructions 
provided to rESidents by large p.,r.,f'2£, in the U.S. found that 
some are instructed not to t..re any water fran the tap to te 
scmpiEd during thest<{lnation period. Others are instructed not 
to t..re any waler in the ha..f£:tnld. Prior to 2009, CDWM used 
the PF first-draw scmpling protocol, with a 5-min preflush 
preceding st<{lnation. Recent instructions to rESidents included 
not using water from the scmpling tap or from any 1163rby tap 
until the (poststC{Ination) scmpiES were collected, and to 
collect scmpiESassoon as PQffiible after the minimum required 
6-h st<{lnation period. RegardlESS of the scmpling protocol, 
rESident-collected S311lpiES necessitate the t..re of simple 
instructions and make it diffcult to ensure strict adherence to 
any S311lpling protocol. In addition, the diversa premisa 
plumbing materials and configurations (81 Table 81) represent 
varying eft:cts of flow ratES, hydraulic flow charocteristi<S, and 
PQffiible IEEd sorption/particle rela:m ett:cts on the shapES of 
the IEEd ,grofiiES, particularly with corroded galvaniZEd pipe 
locations. ·5 

1111111111111111 

Sampling Objectives and Protocol. 8ince the promul
gation of the LCR, new rES:Erch on IEEd corrosion has shown 
that there are many rn:dlanisrrs and water quality foctors 
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involved.1
•
4

•
6

-
11 Specifically, theS311lpling protocolsUS8d in this 

study were evaluated to determine if 

preflushing biESES rESUlts; 
first-draw scmpiES, with or without preflushing, capture 
the "worst-ca:e" level of IEEd corrosion under normal t..re 

conditions; and 
s:asonal variability att:cts IEEd concentrations (in this 
water system). 

Consistent with the LCR requirements and CDWM 
compliance scmpling, scmpiES for this study were collected 
by voluntrer rESidents from 32 single-fa'nily rESidenCES, built 
between 1890 and 1960, with LSLs. An additional 5 horn:s 
were S311lpled and determined not to have LSLs, and were 
therefore excluded from further S311lpling. All rESUlts are 
included in the Supporting Information, but the non-LSL sitES 
were not US8d in the data analysis (81 TabiESS4a, 85, S6a, S3b, 
and ST). 

Information was requESted on the specific plumbing 
configurations of a:£h scmpling site to a much grEEter extent 
than the regulatory requirements which simply require the 
plumbing material to be identified. This information, along with 
analyse; conducted for IEEd, copper, iron, and zinc for a:£h 
scmple, focilitated a better understanding of the ob93rved water 
IEEd levels. RESidents were asked to (1) complete a plumbing 
profile identifying the kitchen tap and meter or internal shut-off 
valve, and (2) dEScribe the internal plumbing, including any 
recent plumbing work (81 Figure 81 ). The information 
provided by rESidents along with the rESUlts of the four metals 
provided additional information on the saquencES of plumbing 
materials, and the presance of in-line brass plumbing 
components. CDWM provided the locations of water mains, 
sarvice line materials, work conducted by the city at a:£h 
rESidence (meter installation or repair, shut-off valve repair/ 
replocement, sarvice line 1631< repair, street excavation), and 
monthly water t..re data for rESidenCES with water meters. The 
information provided by CDWM on water main locations was 
used to rn:asure the distance from the water main to a:£h 
rESidence, and internal plumbing information provided by 
rESidents was used along with the rn=:asured length from the 
water main to the rESidence to approximate the L8L length (81 
Table 81). 

RESidents were provided with written S311lpling and reporting 
instructions for a:£h S311lpling event (81 FigurES S41-S45). 
One-liter, high-density pol)€thylene (HOPE), wide-mouth (5.5 
em, 2.2 in.) scmple bottlES were US8d to collect all S311lpiES. 
RESidents were instructed not to remove oorators prior to 
scmpling and not to collect S311lpiES after point-of-t..re or point
of-entry trEEtment deviCES. 

Several prior studiES have suggESted that significant 
contributions of particulate-a;sociated IEEd can be mobiliZEd 
cs a function of flow rate and turbulence in certain water 
chemistriES, though studiES have not developed predictive 
relationship; to premisa plumbing material, s::ale composition, 
and hydraulic flow charocteristi<S.6·

10 
-

15 To try to achieve the 
most C{!QrESSive high flow conditions under rEEiistic field 
conditions, rESidents were instructed to collect all scmpiES by 
slowly opening the cold water kitchen tap until fully open. 
Upon receipt, the S311lpiES were inspected by EPA for visible 
particulate matter prior to delivery to the laboratory. 

For all first-draw S311lpiES, rESidents were instructed not to 
t..re any water throughout the household (i.e., no showering, 
washing clothES/dishES, flushing toilets, etc.) during the 
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First Draw and 45-Second Flushed Samples 
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Figure 1. First round IEa:l rESUlts for all sites. 

---------------- ----·· -----· --· ----

minimum mandatory 6-h stq]nation period. In this study, PF 
s:rnples include a flush of at lEaSt 5 min prior to the mandatory 
minimum 6-h stq]nation period. A NHU s:rnple had no 
preflushing prior to the mandatory minimumstq]nation period. 
Residents were instructed to allow the water to sit motionlESS 
in the hm.rehold plumbing a minimum of 6 h, but not more 
than 24 h, and to record the dates/times the taps were flushed 
prior to the stq]nation period, and the dates/times S3111ples 
were collected following the stq]nation period. First-draw 
s:rnples using both variants (NHU and PF) were collected in 
the first and third rounds of monitoring in March/April and 
Septernber/Octooor, respectively. Additionally, 45-s flushed 
s:rnples were collected in the first round to e.raluate whether a 
s:rond-draw s:rnple more a::curately captured the le.tel of 
corrosion. Three-min, 5-min, and 7-min flushed s:rnples were 
collected in the third round of S3111pling to provide guidanre to 
voluntoors when high lEal le.tels were found (SI Table ST). 
This information can also oo used to provide site-specific 
guidanre on minimum flushing times nea:ssary to redure 
consumer exposure to lEal in drinking water. 

In the first round of s:rnpl ing, a:rll resident collected a N H U 
first-draw S3111ple and then a s:rond-draw ( 45-s flushed) s:rnple 
after allowing the water to run for 45 s. On the s:rond day, 
residents collected a PF first-draw s:rnple and then a s:rond 
45-s flushed sam~le. EPA's current Public Notification 
Handbook advis:s1 residents to run the water 30 s or until 
it turns cold before consuming, if the water has not boon used 
for an unspecified "extended period of time", which can result 
in higher lEal levels at the tap for consumers. It has also boon 
pre.tiously demonstrated that in some situations, this advire can 
caLm residents to consume the worst-cere water sitting 
stq]nant in the LSL.17 (Figure 1) 

Sites 14, 15, 16, and 37 were verified as not having LSLs and 
were excluded from further S3111pling. Site 2 was verified as not 
having a LSL following the June SEquential S3111pling and was 
excluded from the final round of monitoring. The 45-s flushed 
s:rnpling was dis::ontinued following the March/ April S3111pling 
first round due to the prES311re of reverely corroded galvani2ed 
pipe in some of the residenres (SI Figure S4) which reduced 
the inner pipe diareter, restricting water flow and resulting in 
varying volumes of water flowing through the plumbing for the 
same flush time. 

In June 2011 , a:£h resident collected a total of twelve PF 
SEquential S3111ples in one day of s:rnpling. The first PF 
SEquential S3111ple was also the PF first-draw s:rnple for the data 
analysis. All S3111ples were analyzed for lEal, copper, zinc, and 
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iron. The co-occurrenre of the metals, along with plumbing 
details, was used in qualitative c:m:ss11ents to correlate lEal 
results with potential soura:s of lEal in the plumbing network 
(SI Figure 93).4•

10 

In September I Octooor 2011 , a:rll resident collected a N H U 
first-draw S3111ple, and a minimum of 11 PF SEquential 1-L 
s:rnples. Sites with high lEal levels in the pre.tious rounds 
collected an additional 3 or 4 PF SEquential s:rnples, and one 
site with a very long LSL (159ft, 48 m) collected an additional 
9 PF SEquential S3111ples. The additional PF se:quential S3111ples 
were collected to determine the point at which lEal levels 
consistently dropped oolow the AL. All S3111ples collected are 
included in the S3111pling summary with the numrers and types 
of s:rnples collected at a:£h site (SI Table 83). 

Most stq]nation times were relatively consistent ocrOffi most 
sites at ootwoon 6 and 8.5 h, and all but two sites had stC{!nation 
times ootwoon 6 and 9 h 10 min, which focilitated unadjusted 
comparisons (SI Table 93c). 

Additional flushed S3111ples were collected in September/ 
Octooor for high lEal sites in order to provide residents with 
guidanre on minimizing lEal le.tels in their drinking water. 
Recommended minimum flushing times were then estimated 
based on the lEal levels and LSL lengths. ThEse results are 
included in the&lpporting Information, but not dis:;ussed here. 

Sample Analyses. All S3111ples were visually inspected for 
particulate matter prior to delivery to the EPA Chicago 
Regional Laboratory. 83mples were pre:erved upon rEreipt by 
the laboratory using concentrated nitric ocid to pH <2 and held 
for a minimum of 24 h prior to analysis.18 The laboratory's 
Reporting Limits (RL) for lEal, copper, and zinc in drinking 
water s:rnples, using EPA Method 200.8, are 0.5, 1, and 10 IJg/ 
L, respectively. The laboratory's RL for iron in drinking water 
s:rnples, using EPA Method 200.7, is 80 IJg/L. Additional 
laboratory information is included in the Supporting 
Information. 

1111111111111111 

Both Variants of the First-Draw Protocol Significantly 
Underestimated Peak Lead Levels, and the NHU First
Draw Protocol Yielded Higher Results Overall than the 
PF First-Draw Protocol. The 90th percentile lEal values for 
all three rounds of first-draw S3111pling using both variants were 
slightly higher than Chicago's historical complianre results, but 
still fell well oolow the lEal AL (SI TableS4b). Only 2% of the 
total numrer of first-draw S3111ples (3 of 151) exreeded the AL 
de;pite the pre:enre of lEal le.tels well above the lEal oction 

dx.doi.org/10.1021/es40036361 Environ. &:i. Technol. 2013, 47, 9300-9307 
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Comparison of System 90th Percentile Compliance Data with 
Sequential Sampling 90th Percentile and Maximum Values 
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Figure 2. Comparison of 90th r;ercentile LCR compliance data to 90th r;ercentile values from LSL s:mples (ocro:s sites by liter) and rrnximum 
values from LSLs. The green dashed line indicates the avercge 90th r;ercentile compliance monitoring value for Chiccgo between 1999 and 2010 of 6 
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LSL Values by Site 
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Figure 3. LSL results were highly varicble within a:d1 LSL and from site to site. Error tars represent 1 standard deviation. 
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le.tel within the s:lrvire lines as indicated by the 45-s flushed 
rESUlts in the first round of monitoring and SEquential S31llpling 
rESUlts in the SErond and third rounds. 

In contrast, if the 90th perrentile value of a:dl of the 
suro:ssive se:quential liter S31llples from the LSL.s is computed 
ocross all scrnpling sites, the lead levels were up to four times 
higher than ChicqJo's average 90th perrentile value using FD 
scrnples. Some pESk values for a:dl SEquential liter calculated 
ocross all scrnpling sites were over twire the lead ALand up to 
six times higher than the regulatory complianre data (Figure 2). 
In sumrrnry, 69 of 336 (21%) of the individual SEquential 
scrnples collected in June and 75 of 319 (24%) of SEquential 
samples in September/October exreeded the lead AL, 
indicating that current scrnpling protocols will often consid
erably underestimate the pESk lead le.telsand overall mobilized 
rre;s of waterborne lead in a system with lead s:lrvire lines. 

The NHU results were nui'TBrically higher overall than the 
corresponding PF values for most sites, but the diterences were 
not statistically significant. The PF first-draw protocol produced 
lower individual results than NHU first-draw protocol in 23 of 
32 scrnple pairs in March/April, and 20 of 27 scrnple r:airs in 
Sapt/Oct (SI Table S4a). Although NHU first-draw S31llples 
were collected without directing the residents to flush the tap 
prior to the stagnation period, NHU can involve showering, 
washing dishes, or doing laundry a short tii'TB prior to the 
stagnation period, which could clear the lead from the pipes 
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similar to preflushing the tap. Thus a NHU scrnple can be 
etectively the S8I'TB as a PF scrnple and yield similar results. 
Sinre the se:quential S31llpling results from thes:l S8I'TB sites 
show that there is much higher lead pre;ent within the LSL at 
the S8I'TB tii'TB that the NHU and PF first-draw scrnples were 
collected, it stands to ra:son that if the NHU octivitieswere not 
undertaken, and a larger scrnple s:lt were Us:ld, the NHU 
scrnples would yield results that were statistically higher than 
the corresponding PF scrnples. The distanre from the kitchen 
tap to the bEginning of the LSL wa:; highly variable, ranging 
from approximately 3 to 87 feet (0.9 to 27 m), and the 
rn=:asured LSL lengths ranged from 43 to 159 feet ( 13 to 48 m). 
Conse:quently, for sites with shorter total plumbing lengths, the 
initial and final SEquential S31llples would include relatively 
uncontaninated water from the water main following the 5-min 
tap preflushing. Thes:l S31llples would contain little to no LSL 
lead contribution, consistent with plumbosolvency and radial 
diffusion/flow principles.5•

19
•
20 A targeted LSL S31llpling 

protocol isolating only LSL contoct water would likely yield a 
higher perrentage of rESUlts above the lead AL for systems with 
Pb( II) pipe s::ale chemistry, but the specific location of the peak 
lead levels will nocess3rily vary with premis:l plumbing 
configurations. 

Seasonal Variability. In a site-by-site comr:arison, lead 
concentrations were higher in Sapt/Oct than in Mar/Apr or 
June, with the starkest statistical diterenre between first-draw 

dx.doi.org/10.1021/es40036361 Environ. &:i. TechnoL 2013, 47, 9300· 9307 
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Disturbed and Undisturbed Average LSL Values 
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Figure 4. Avera:Ja lead le.tels at disturb:d and undisturb:d sits Error tars repre::ent 1 standard deviation. 
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NHU S31Tlplescollected in Mar/April and Sapt/Oct (p = 0.03 
for two-tailed paired Student's t-test). Overall, 68%and 69'/oof 
NHU and PF first-clratv scrnples, respectively, were higher in 
Sapt/Oct than in Mar/Apr, while 55% of paired saquential 
scrnples were higher in Sept/Oct than in • .lme. SEasonal 
variation in IEEd le.tels consists of multiple contributing foctors 
from the sourre water through the prernire plumbing which 
could not be precirely isolated in this study, but the results in 
this study are consistent with other findings on sa:sonal 
variability (SI Table S6d).21 Factors include (1) water 
temperature, (2) water chemistry variation, and (3) fluctuations 
in water~ for Sapt/Oct versus • .lme, which could incra:se 
or decra:se IEEd le.tels.22

•
23 

Lead Concentrations Vary Throughout Each Individ
ual LSL and among Different LSLs Across the System. 
There was a high degree of variability in saquential scrnple 
results at most sites, some of which could include a particulate
bound component cs reflected in spikes in some saquential 
scrnpling results (SI Figures S9-S40). For most sites, no 
individual scrnple result from within the LSL can chara:ieri:ze 
the IEEd conrentrations at the site. Within the complete 
scrnpling profile results, IEEd levels at most sites ranged from 
well below to well above the AL (Figure 3). Under the LCR, 
this would rn:m that a system would rn:et the action le.tel and 
have no additional regulatory rEquirements or would 6<cred the 
AL and be required to implement additional requirements, 
depending on which scrnple result is selected as the complianre 
scrnple. The variability within sites and betwEen sites is similar 
in trend to that found in several other studies reporting 
saquential S31Tlpling conducted in water systems with difffent 
corrosion control strategies and chemistries from 
CDWM.1,4,10,12,14,15,24 -21 

Additional complianre data from a recond large utility (City 
B) which 6<creded the IEEd AL and conducted scrnpling usi~ 
the temperature change LSL scrnpling protocol in the LCR, 
yielded similar variability acra;s the system (SI Figure S8 and 
Table S9). A total of 1975 LSL sites were S31Tlpled, with 1762 
results (89'/o) below the IEEd AL; 128 results (6.5%) from 16 to 
30 IJg/L; 57 results (2.8%) from 31 to 50 IJg/L; and 28 results 
(1.4%) betwren 51 and 580 IJg/L This LSL S31Tlpling protocol 
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is similarly vulnerable to low bicses, although many results were 
considerably higher than the AL (SI Figure 88). 

Factors Affecting Lead Levels. The majority of high IEEd 
results occurred at sites with a documented physical 
disturbanre of the LSL betwren 2005 and 2011 (Figure 4). 
The octual ooent to which the LSL was physically disturbed is 
unknown for all sites, and the records of disturbances are l:esEd 
on information provided by CDWM and by the S31Tlpling 
voluntoors (SI FiguresS9-S40). 

For the purpore of this study a physical LSL disturbanre is 
defined cs a meter installation or replocement, autorneter
reader (AMR) installation, rervire line look repair, ooernal 
rervire shut-off valve repair or replocement, or significant street 
6<cavation directly in front of the horne that could disturb the 
LSL An "undisturbed" site is an unrnetered site where neither 
the CDWM nor resident have a record or recollection of any 
disturbanre, cs defined above. A third category, "indetermi
nate'', is ured for throo sites where CDWM has no record of any 
LSL disturbanre, and the resident did not provide a response cs 
to whether there has boon any LSL disturbanre. Cra;s.checking 
was important becaure information provided by volunteers in 
some ccses contradicted CDWM records, and upon further 
investigation, the records were found to be incomplete and 
were corrected, which resulted in reclcssification of the site. 

Of the 13 disturbed sites, 11 sites had 3 or more saquential 
scrnpling results above the IEEd AL, two sites had 2 results ESCh 
above the AL, and one site had no results above the AL Of the 
16 sites with no known disturbanre, only three sites had any 
results above the IEEd AL In the remaining 3 "indeterminate'' 
sites, 30 of 81 S31Tlple results (37%) were above EPA's IEEd AL 
(Table 2). 

A rerent AWNA publication on the state of water 
infrastructure highlights the nood for major infrcstructure 
work.28 This nro:ss3ry infrastructure work will potentially 
incra:se the incidenre of darraJe to the protectives::ales within 
LSLs cs this work is performed. lne.titably, thEre physical LSL 
disturbances will continue to occur with incra:sed frEquency cs 
part of daily routine water system maintenanre and nonwater 
related community infrastructure work. 

dx.doi.org/10.1021/es40036361 Environ. &:i. TechnoL 2013, 47, 9300-9307 
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Table 2. Lead Results for Disturbed, Undisturbed, and 
Indeterminate Sitesa 

disturbed sites undisturbed sites indeterminate sites 

no. no. no. 
no. no. above no. no. above no. no. above 

sites samples AL sites samples AL sites samples AL 
13 327 117 16 372 6 3 81 30 
% samples over AL: % samples over AL: 2'/o % samples over AL: 

36% 37% 

a Most la3d results c:OOve the AL were found at sites with LSL 
disturtances. Additioral results c:OOve the AL were also found at sites 
where the status of the LSL (disturbed or undisturbed) could not re 
confirmed. Sites without LSL disturtances ha:l few if any results above 
the AL. 

Possible Implications of Water Conservation and Use. 
Information provided by CDWM and voluntrers anecdotally 
St..q:JESts that low water ~ may alro play a role in high lEa:! 
le.tels at rome sites. Of the four locations with the highest 
averqJeiEa:llevels, three (Sites 1, 29, and 10) had documented 
low water l..l!:aJ8. Site 1 had averqJe monthly water ~ of 
3444 gallons (13037 L) which does not appe3r to be low 
~- Howe.ter, information provided by the resident indicates 
that the majority of the monthly water~ occurs during a 
relatively small number of days during the month when there is 
a high volume of water l..l!:aJ8. Site 29 had averqJe monthly 
~ of 1826 gallons (6912 L), and Site 10 had an averqJe 
~ of 1438 gallons/month (5443 Llmonth). For compar
iron, the mean single-family household water usage is 
approximately 8582 gallons/month (32486 L/month), with a 
sizable standard deviation.29 

In two locations (Sites 17 and 5), lEa:! le.tels c:lEcrecsecl with 
an incra:m in water ~- fls water ~ approximately 
doubled at Sites 17 and 5, maximum lEa:! levels from 33Cjuential 
s:rnpling c:lEcrecsecl from 25 to 5.51Jg/L and from 17 to 121Jg/ 
L, respectively. Although this represents a small set ofs:rnples, 
thEre observations support the idEE that higher lEa:! le.tels can 
be a:;sociated with low water ~.30 

Extrapolating from prior rESEErch suggests the flEre)Sity of 
consistent flow to deliver corrosion inhibitor efi::ctively into 
pa:sivating filrns,31 and correlates incra:md inhibitor dosages 
with reduced lEa:! reiEaSe.10

·
32

-
35 Low water l..l!:aJ8 may inhibit 

hEEling of the da"rlq:Jed s:::ales, and influence the rate of galvanic 
corrosion. Water ~ efi::cts cannot be separated from other 
s.:a:onal eficts in this study, but prior literature and the 
combined 33Cjuential graphs showing entire profiles shifted up 
or down from the • .lme to Sapt/Oct s:rnpling suggest further 
investigation is warranted (SI Figures S9 -540). fls conserva
tion efforts incrEaSe, it will become incrEESingly important to 
conduct further rESEErch on the relationship between water 
~ and incra:ses in lEa:! le.tels. 

The results in this study alro indicate that more appropriate 
flushing guidance must be developed, l::a:ed on neighborhood 
and premise plumbing characteristics, and whether a horne ha5 
a LSL or not. Much of the current published and web-l::a:ed 
flushing guidance inadvertently incrEESes the risk of exposure to 
elevated lEa:! levels by ciEEring an insufficient anount of water 
volume.17 Even fully flushing LSLs may only lower lEa:! levels 
to a limiting, mEESUrable lEa:! le.tel, that relates to the 
plurnbo9Jivency of the water, the flow rate, the length and 
internal diameter of the pipe,5 -

7
•
10

•
19.2° and possibly efi::cts of 

prior disturbances (SI Table ST). 
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Risk Identification and Management. RErently, CDC 
issued a hEEith alert cmx;iating hi~her eltvated blood lEa:! 
le.tels with partial LSL replcrnrrent,3 and alro concluded that 
LSLs were an independent risk foctor for elevated blood lEa:! 
le.tels e.ten when IEB:lle.tels in drinking water met the LCR lEa:! 
AL of 0.015 rng/L.37 fls highlighted in this study, LSLs can 
contribute high lEa:! when they are disturbed in many diferent 
ways, not just due to partial LSL replcrnrrent, and water t..1!:aJ8 
may also play a role in the resultant high lEa:! le.tels and 
potential incra:md human exposure. In an August 2012 update 
on lEa:! in drinking water and blood IEB:lle.tels, the CDC notes 
that "Tre rm:nt 1BD Ill B rdaticrs fran tre CDC AdvisJry 
Cmmittre m Childhood LEa:! FbisJning Pramtion to rEdUB or 
eliminate lEad SJUm:s br dlildrm l:efore trey are e<rx;a:d 
ul"ldars:Dre tre rm::l to rEdUB lEad an:mtraticrs in drinking 
water as rn.dl as r:asible'' .38 

fls the ultimate human and environmental hEEith goal, LSLs 
should be completely removed where possible. The stability of 
the protective &:ales within LSLs depends on many foctors 
which can change over time. For exanple, changes to water 
quality or trEEtment have resulted in hi~h lEa:! le.tels over a 
sustained period of time (yEErs).10

·
39 

-
4 Under the current 

regulatory frcm:mork, eltvated lEa:! le.tels from disturbances, 
water quality, trEEtment, or water t..1!:aJ8 changes can potentially 
go undetected for up to 3 yEErs between LCR compliance 
monitoring periods, which can result in incra:md public 
exposure over a significant period of time. 

Proper selection of s:rnpling sites, S311lpling protocol, and 
other site conditions is critical for evaluating the amount of lEa:! 
corrosion and relEaSe that is occurring in the distribution 
system. Suca:ssful optimization of the plurnbo9Jivency trEEt
rnent depends on an accurate understanding of the corrosion 
mechanisms, pipe s:::ale mineralogy and structure, and the 
COn33CJuences of LSL disturbances and water conservation 
efforts. No published studies could be found that systematically 
investigated the tirne and inhibitor doses/water quality 
adjustments na::eE3ry to overcorne the disturbances and 
damage to the lEa:! pipe &:ales that will be routinely occurring 
throughout cities across the U.S., as long as full or partial lEa:! 
service I i nes remain in service. 

Analyse; of the Chicago LSL s:::ales by EPA (to be reported 
els=mhere) revEEI that the surfoce coatings on both lEa:! service 
line and galvanized interior pipes from CDWM are primarily 
composad of amorphous aluminum, calcium, and phosphon.& 
rich deposits, and not crystalline lead(ll) (or zinc)
orthophosphate phaxs that are predicted by conventional 
divalent lEa:! plurnbo9Jivency theory for orthophosphate 
dosing.10

•
33.42 An understanding of the &:ales is ESSential to 

study and implement proooclures and strategies for efictive and 
tirnely repair of the protective s:::ales damaged by LSL 
disturbances, and to minimize the public's exposure to high 
lead levels that can result from damaging the scales. 
Experimental evaluations are critical when s:::ale compositions 
fall outside the s:;ope of well-understood predictive corrosion 
control practices. 

1111111111111111 r,~,,,,A.AJi 
* Supporting Information 

Additional background information, tabular summaries of 
s:rnpling results, and graphics. This material is available free 
of charge via the Internet at http:/ /pubs.acs.org. 
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The Lead and Copper Rule (LCR) is a treatment technique regulation that requires all public 
water systems to optimize corrosion control and utilizes tap sampling for lead and copper to 
determine whether additional actions need to be taken by the system. It is important to note that 
the sampling conducted under the LCR is not designed to evaluate individual consumers' lead 
exposure or risk and that the lead action level (AL) was not established as a health-based 
number. The lead AL is the level which EPA determined in 1991 that systems could feasibly 
meet, taking into account the available treatment technologies and the cost of those treatment 
technologies. The lead AL should not be viewed or used as a threshold value to determine 
whether the water is safe or unsafe to drink, and it should be reiterated that the EPA and CDC 
have determined that there is no safe level of lead exposure (i.e., no level at which there is not an 
adverse effect). 

Tap sampling conducted under the LCR is intended to measure the amount of lead and copper 
corrosion that is occurring in public water systems using worst-case site selection and a specified 
sampling protocol. The sampling protocols in the current LCR were established in 1991, based 
on the existence of many potential sources of lead throughout the water distribution system, 
including lead service lines connecting the water main to the homes, leaded- solder used to join 
copper pipe, and leaded-brass devices, such as meters, brass connectors and shut-off valves, 
faucets and fixtures. The current LCR sampling requirements are prescriptive and based on the 
relative significance of lead sources in 1991. The sequential sampling protocol (described below, 
and in the accompanying paper) that resulted in capturing the highest lead, as well as the sample 
results themselves, are not allowed to be used in the current compliance calculation. 

The LCR utilizes a combination of: worst-case site selection (sites expected to yield the highest 
lead results); sampling protocols used to capture the highest lead; and repeated sampling at the 
same sites in order to measure the level of lead corrosion that is occurring throughout the water 
distribution system. Utilizing this sampling structure allows U.S. EPA to keep the sampling 
burden on public water systems manageable, while still accomplishing the objectives of the 
sampling under the LCR. Absent these key components, the number of samples needed to 
accurately assess system-wide corrosion would necessarily need to increase substantially to 
accomplish the objectives of the LCR. 

The action level for lead is 0.015 mg/L, but is presented here as 15 Jlg/L for the purpose of using 
consistent units for the data. An exceedance of the lead AL based on the sampling triggers 
specific actions that a public water system must undertake to protect public health, such as 
installing or adjusting corrosion control treatment and providing public education. Additionally, 
where the corrosion control treatment has proven ineffective at lowering lead levels below the 
lead AL, the removal of lead service lines is triggered. There are many different corrosion 
mechanisms and factors that govern lead corrosion. The selection of sampling sites, sampling 
protocol, and site conditions are essential components for evaluating the level of corrosion that is 
occurring in the distribution system, regardless of the mechanism(s) or contributing factor(s). It 
is therefore critically important that the sampling protocol accurately portray the level of 
corrosion that is occurring. 
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Lead Service Line and Plumbing Information 

As part of the sampling protocol, residents were asked to provide a plumbing profile (figure S 1 ), 
describing their internal plumbing, and identifying the location of the kitchen tap, and shut-off 
valve/meter. 

Home Plumbing and Service Line Diagrams 
Below there are 4 diagrams for common household plumbing configurations and the 5th diagram is blank. Please 
review the diagrams and select the diagram that best matches the plumbing configuration for your home. Each of 
the diagrams shows where the water service line comes into the home and where the kitchen tap is located. If none 
of the four diagrams matches your home, use the blank diagram (number 5) to draw where the water service line 
comes into your home and where your kitchen tap is located. If you do not know where the service line comes into 
the home, you can note that in your Home Plumbing description below. 

Note: Some homes have water meters and some do not. On the diagrams below, if you do not have a water meter, 
pick the diagram that matches where your service line comes into your home and where the kitchen tap is, and cross 

out the meter symbol 

Home Plumbing Description: In the space below, please describe your home plumbing as best you can, from the 
point at which the water service line comes into your home to the location of your kitchen tap (length of pipe, 
diameter of pipe, pipe material, etc.): 

Figure Sl: Plumbing Profile Diagram 
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Table S 1 contains a summary of the LSL information for each sampling site. Due to the site
specific plumbing characteristics, the liter which first begins to capture LSL water at each site 
was expected to be variable, as was the liter which would begin to collect uncontaminated water 
from the water mains. The study findings regarding whether the current sampling protocol is 
capturing the corrosion that is occurring are not affected by this limitation. 

Site 
LSL Length LSLEnd 

Site 
LSL Length 

LSL End Point ft (meters) Point ft (meters) 
1 89(27.1) BFW 22 65 (19.8) IFW 
3 73 (22.3) IFW 23 66 (20.1) IFW 
4 Unknown Unknown 24 56 (17.1) IFW 
5 80 (24.4) IBW 25 70 (21.3) IFW 
6 60 (18.3) IFW 26 66(20.1) IFW 
7 59+ (18.0+) BFW 27 47+ (14.3+) Unknown 
8 57 (17.4) IFW 28 61+ (18.6+) Unknown 
9 102 (3l.l) BFW 29 159 ( 48.5) BFW 
10 48+ (14.6+) IFW 30 49+ (14.9+) Unknown 
11 50 (15.2) IFW 31 71 + (21.6+) IFW 
12 53 (16.2) IFW 32 43(13.1) IFW 
13 49+ (14.9+) Unknown 33 43+(13.1+) IFW 
17 58+ (17.7+) Unknown 34 Unknown Unknown 
18 76 (23.2) IFW 35 80 (24.4) BFW 
19 63(19.2) IFW 36 110 (33.5) IBW 
21 46 (14.0) IFW 38 51(15.5) IFW 

IFW = LSL ends just inside the front wall 
IBW = LSL ends just inside the back wall 
BFW = LSL ends at an unknown distance beyond the front wall 
+ = Indicates that the LSL was measured from the water main to the front the home, and it 
is not known whether the LSL extends beyond the front wall of the home. 
Table Sl: LSL Lengths- The length of the LSLs for most sites were measured and are presented in this table. The 
LSLs for two sites (site 4 and site 34) were not measured. 

Figure S2: LSL Bulb 
Figure S3: LSL segment (3/4 inch I 1.91 em Figure S4: Severely corroded galvanized 
diameter) iron pipe. 
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Figure S2 shows a typical LSL in Chicago coming up from the foundation of the basement. The lead service line is a 
dull gray and easily scratched with a key. The soft LSL is typically soldered to the interior (household) plumbing, 
leaving a characteristic bulb. The LSL can also be connected to household pipe using a brass compression fitting. 

Figure S3 is a close-up of a 3/4 inch (1.91 em) diameter LSL, showing the thickness of a typical LSL. 

Figure S4 is a cross-section of a severely corroded galvanized pipe from one of the sample sites. In this photograph 
the inner diameter is significantly reduced which affects the volume of water that will flow through the pipe in a set 
amount of time. For homes with corroded galvanized pipe, water will flow slower through the pipe and longer 
flushing times are generally needed to flush the lead from the plumbing. 

City Information 

Samples were collected from 32 single-family homes in Chicago with LSLs. Twenty-three 
homes were in the Jardine Plant service area and nine homes were in the South Plant service 
area. 

Site# Home Built Service Area 
01 1893 Jardine 
03 1960 Jardine 
04 1941 South 
05 1901 South 
06 1953 Jardine 
07 1900 Jardine 
08 1941 Jardine 
09 1920 Jardine 
10 1943 Jardine 
11 1912 Jardine 
12 1952 Jardine 
13 1950 South 
17 1907 Jardine 
18 1953 Jardine 
19 1912 Jardine 
21 1938 Jardine 
22 1924 Jardine 
23 1944 South 
24 1906 Jardine 
25 1917 South 
26 1954 South 
27 1891 Jardine 
28 1932 Jardine 
29 1890 Jardine 
30 1954 South 
31 1923 Jardine 
32 1923 South 
33 1927 Jardine 
34 1915 Jardine 
35 1900 Jardine 
36 1957 South 
38 1927 Jardine 

Figure SS: Home age and plant service areas for sampling locations 
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Table S2 contains a summary of the City's compliance monitoring data for lead. The City 
exceeded the lead AL only once, during the July-December 1992 compliance monitoring period. 

City of Chicago (1992- 2010) 
90th Percentile Lead Values (Jt~/L) 

Monitoring Period Begin Monitoring Period End Number of Samples 90th Percentile Value 

1/1/2008 12/31/2010 50 6 

1/1/2005 12/31/2007 50 6 

1/1/2002 12/31/2004 50 4 

1/1/1999 12/31/2001 50 7 

1/1/1999 12/31/1999 50 8 

1/1/1998 12/31/1998 53 14 

7/1/1997 12/31/1997 100 11 

1/1/1997 6/30/1997 100 10 

1/1/1993 6/30/1993 100 13 

7/1/1992 12/31/1992 120 20 

1/1/1992 6/30/1992 100 10 

Table S2: City of Chicago 90th Percentile Compliance Values (1992- 2010) 

Laboratory and Analytical Information 

All samples were inspected for visible particulates prior to delivery to the laboratory. In light of 
the significant increase in visible particulate in the final round of monitoring, the presence of fine 
particulates that would readily dissolve in the nitric acid preservative should not be discounted. 
Samples collected during the final round of monitoring coincided with the Fire Department's 
annual valve exercising. Colloidal lead may explain some of the variability in lead levels 
between the June and Sept/Oct rounds. 

Laboratory blanks, laboratory fortified blanks and laboratory fortified samples were nm at a 
frequency of at least one per twenty samples. Laboratory blanks run with the samples did not 
have any detections of lead above the reporting limit and all Laboratory fortified blanks and 
laboratory fortified samples had recoveries greater than 90%. 

All laboratory instrumentation was inspected and maintained according to Chicago Regional 
Laboratory maintenance protocols, and calibrated daily according to Chicago Regional 
Laboratory standard operating procedures. 

The Chicago Regional Lab Quality Assurance (QA) Contact performed a data quality assessment 
on the results based on laboratory blanks, laboratory fortified blanks and matrix spikes. The QA 
Contact identified no biases in the sample results due to these quality control measurements. 

Sampling Summaries 

Sample site summary table - A summary table of the types of samples collected at each 
site, for each sampling protocol is presented in Table S3 below. The highlighted rows for Sites 2, 
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14, 15, 16 & 37 were confirmed not to have LSLs and Site 20 is the same residence as Site 21 
(Kitchen tap and bathroom tap). Following the first round of sampling, Site 20 (bathroom tap) 
was no longer sampled, to maintain consistency of using kitchen taps across all sites. Only 
sample results from LSL sites are presented and analyzed in the study paper. The first liter of the 
sequential samples in June and Sept/Oct also serve as the PF first-draw samples. 

Summary of Samples Collected at Each Site 

Site# 
Total# Mar/April June Sept/Oct 

Samples Day 1 Day 2 Day 1 Day 1 Day2 Day3 
01 34 A,C B,D E-12 samples A E-14 samples F,G,H 
02 16 A,C B,D E-12 samples DNS DNS DNS 
03 30 A,C B,D E-12 samples A E-ll samples F,G 
04 16 A,C B,D E-ll samples DNS DNS DNS 
05 28 A,C B,D E-12 samples A E-ll samples DNS 
06 28 A,C B,D E-12 samples A E-ll samples DNS 
07 35 A,C B,D E-12 samples A E-15 samples F,G,H 
08 35 A,C B,D E-12 samples A E-15 samples F,G,H 
09 30 A,C B,D E-12 samples A E-ll samples F,G 
10 34 A,C B,D E-12 samples A E-14 samples F,G,H 
11 30 A,C B,D E-12 samples A E-ll samples F,G 
12 34 A,C B,D E-12 samples A E-14 samples F,G,H 
13 16 A,C B,D DNS A E-ll samples DNS 
14 4 A,C B,D DNS DNS DNS DNS 
15 4 A,C B,D DNS DNS DNS DNS 
16 4 A,C B,D DNS DNS DNS DNS 
17 34 A,C B,D E-12 samples A E-14 samples F,G,H 
18 30 A,C B,D E-12 samples A E-ll samples F,G 
19 27 A,C B,D E-12 samples DNS E-ll samples DNS 
20 4 A,C B,D DNS DNS DNS DNS 
21 28 A,C B,D E-12 samples A E-ll samples DNS 
22 28 A,C B,D E-12 samples A E-ll samples DNS 
23 30 A,C B,D E-12 samples A E-ll samples F,G 
24 33 A,C B,D E-12 samples A E-14 samples F,G 
25 16 A,C B,D E-12 samples DNS DNS DNS 
26 30 A,C B,D E-12 samples A E-ll samples F,G 
27 33 A,C B,D E-12 samples A E-14 samples F,G 
28 30 A,C B,D DNS A E-ll samples F,G 
29 40 A,C B,D E-12 samples A E-20 samples F, G,I 
30 18 A,C B,D DNS A E-ll samples F,G 
31 31 A,C B,D E-12 samples A E-12 samples F,G 
32 28 A,C B,D E-12 samples A E-ll samples DNS 
33 33 A,C B,D E-12 samples A E-14 samples F,G 
34 18 A,C B,D DNS A E-ll samples F,G 
35 30 A,C B,D E-12 samples A E-ll samples F,G 
36 30 A,C B,D E-12 samples A E-ll samples F,G 
37 4 A,C B,D DNS DNS DNS DNS 
38 16 A,C B,D E-12 samples DNS DNS DNS 

A ~ NHU First-draw Sample F ~ 3-minute Flushed Sample 

B ~ PF First-draw Sample G ~ 5-minute Flushed Sample 

C ~ NHU 45-Second Flushed Sample H ~ 7 -minute Flushed Sample 

D ~ PF 45 -Second Flushed Sample I~ 10-minute Flushed Sample 

E ~ Sequential Sample DNS ~ Site did not sample 

Table S3: Smmnary of samples collected at each site usmg each samphng protocol. 
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First-draw and 45-secondjlushed samples- Results for first-draw and 45-second 
flushed samples using the normal household use (NHU) and pre-flushed (PF) sampling protocols 
are presented in Table S4 below. 

In addition to the first-draw samples, a 45-second flush sample was collected by nmning the 
water for 45 seconds immediately following the collection of the NHU first-draw and PF first
draw samples during the March/ April sampling. Overall, the 45-second flush sample results were 
higher than the first-draw results, and yielded a higher percentage of results above the lead AL. 
A total of32 NHU/45-second flushed and 32 PF/45-second flushed samples were collected, with 
6 NHU 45-second flushed results above the lead AL (19%), and 5 PF/45-second flushed results 
above the AL (16%). The total number of 45-second flush sample results above the lead AL was 
11 of 64 (17% ); a percentage significantly higher than the first-draw results (2% ). 

First-draw and 45-second Flushed Sample Lead Results (J.Lg!L) 

B = PF First-draw Sample DNS = Site did not sample 
C = NHU 45-Second Flushed n =number of collected 

Table S4a: First-Draw and 45-Second Flushed Sampling Results. Samples that were above the lead AL are in bold, 
and samples that contained visible particulates are shaded yellow. 
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Summary ofNHU and PF First-Draw Results 
NHU PF PF NHU 

(Mar/Apr) (Mar/Apr) (June) (Sept/Oct) 

8 7 8 10 

32 32 28 29 

0 0 0 2 

PF 
(Sept/Oct) 

9 

30 

1 

Table S4b: Comparison ofLCR-equivalent 90th percentile results using alternative first-draw protocols. 

Sequential sampling results (June 2011)- The sequential sampling approach provided a 
more reliable (volumetric) method for assessing corrosion as compared to a flushed (time-based) 
approach. Attempting to characterize the flow at each site would require an evaluation of the 
plumbing materials and dimensions, as well as the condition of the plumbing materials at each 
site, is not a feasible or reliable protocol for compliance monitoring. 

The results of the each liter in the sequential sampling conducted in June are tabulated below in 
Table S5 by site. 
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Table SS: Smrunary of June Sequential Sampling Results. Samples that were above the lead AL are in bold, and 
samples that contained visible particulates are shaded yellow. 

Sequential Sampling Results (September and October 2011)- The results of the each 
liter in the sequential sampling conducted in September and October are tabulated below in 
Table S6 by site. Considerably more sample results contained visible particulates than in 
previous rounds. The presence of particulates may be a result of the Chicago Fire Department 
exercising valves during the time period when samples were being collected. 

All sites collected at least 11 sequential samples, and some sites with high sample results in June 
collected additional samples. The additional sequential sample results are included here but were 
not included in the data analyses, since extra samples were collected only from sites with high 
lead. A review of the data, including and excluding these additional results was performed to 
ensure that a bias has not been introduced, and the review indicates that the study findings are 
not significantly affected by including or excluding the data. With the additional 39 samples 
included, a total of 80 of 3 58 sample results (22%) exceeded the lead AL. Using only samples 1 
through 11 from each site, a total of 7 5 of 319 sample results (24%) exceeded the lead AL. For 
the purpose of the data analyses, the first liter sample from the sequential samples in June and 
Sept/Oct also serve as the first-draw PF sample. 
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Table S6a: Summary of September /October sequential sampling results used in data analyses. Samples that were 
above the lead AL are in bold, and samples that contained visible particulates are shaded yellow. 
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Site 12 
01 13.9 
03 --
05 --
06 --
07 12.7 
08 12.8 
09 --
10 --
11 --
12 6.98 
13 --
17 2.84 
18 --
19 --
21 --
22 --
23 --
24 12.8 
26 --
27 16.0 
28 --
29 11.1 
30 --
31 4.17 
32 --
33 12.4 
34 --
35 --
36 --

Min 2.84 

Max 16.0 
Ave 10.6 

90th o/oile 13.9 
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Sept/Oct Sequential Sampling Results by Site/Liter (Jtg/L) 
Liter 

13 14 15 16 17 18 
14.1 11.7 -- -- -- --
-- -- -- -- -- --
-- -- -- -- -- --
-- -- -- -- -- --

9.29 6.52 6.03 -- -- --
9.34 7.93 6.27 -- -- --

-- -- -- -- -- --
27.1 21.1 10.7 -- -- --

-- -- -- -- -- --
3.28 2.04 -- -- -- --

-- -- -- -- -- --
2.62 2.59 -- -- -- --

-- -- -- -- -- --
-- -- -- -- -- --
-- -- -- -- -- --
-- -- -- -- -- --
-- -- -- -- -- --

15.3 15.4 -- -- -- --
-- -- -- -- -- --

12.8 9.24 -- -- -- --
-- -- -- -- -- --

10.1 9.21 9.01 9.29 8.99 8.77 
-- -- -- -- -- --
-- -- -- -- -- --
-- -- -- -- -- --

11.5 10.1 -- -- -- --
-- -- -- -- -- --
-- -- -- -- -- --
-- -- -- -- -- --

2.62 2.04 6.03 9.29 8.99 8.77 
27.1 21.1 10.7 9.29 8.99 8.77 
11.5 9.58 8.00 9.29 8.99 8.77 
15.3 15.4 10.7 9.29 8.99 8.77 

19 20 
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --
-- --

8.73 8.39 
-- --
-- --
-- --
-- --
-- --
-- --
-- --

8.73 8.39 
8.73 8.39 
8.73 8.39 
8.73 8.39 

Table S6b: Smrunary of Supplemental September/October sequential sampling results not used in data analyses. 
Samples that were above the lead AL are in bold, and samples that contained visible particulates are shaded yellow. 

SJ2 of42 

Flint FOIA Production 12-120000057 ED_ 000838 _ 00000658-00012 



EPA FOIA Production 12/12/2016 
Flint Water Documents 

Stagnation Times - Volunteers were asked to record the date and time water was last used, and 
the date and time when sampling began for each set of samples. Table S6c is a summary table 
which contains the stagnation times for the sequential samples, which is the amount of time the 
water sat motionless in the household prior to sample collection. 

Sample Collection Stagnation Times 

June Sequential Sept/Oct Sequential 
Sampling Sampling 

Stagnation Stagnation 
Site Time Site Time 

(brs:mins) (brs:mins) 
1 6:32 1 8:04 
3 7:13 3 7:45 
4 7:06 5 7:45 
5 7:00 6 8:00 
6 9:10 7 7:13 
7 7:24 8 6:05 
8 7:35 9 7:20 
9 8:15 10 *** 
10 6:06 11 7:08 
11 7:00 12 6:26 
12 8:06 13 *** 
17 6:25 17 6:55 
18 8:43 18 12:53 
19 6:30 19 *** 
21 6:15 21 6:00 
22 6:20 22 6:15 
23 7:45 23 9:00 
24 8:33 24 7:01 
25 8:32 26 7:00 
26 7:00 27 7:45 
27 7:00 28 8:00 
29 *** 29 *** 
31 7:26 30 10:45 
32 7:13 31 7:30 
33 7:02 32 6:54 
35 7:04 33 9:06 
36 7:45 34 7:05 
38 7:13 35 6:55 

36 8:47 

***Volunteer did not record date/time the water was 
last used, but said it was the day before and was at 
least 6 hours before sampling. 

Table S6c: Smrunary of stagnation times for sequential sampling. 
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Seasonal Variability- Table S6d contains a site by site comparison oflead concentrations. 

Seasonal Variability (Spring vs. Fall & Summervs. Fall) 

First-Draw NHU 
Sept/Oct> 

First-Draw PF 
Sept/Oct> Sequential Sept/Oct> 

Mar/Apr Mar/Apr Samples June 
No. ofSample 

28 
No. of Sample 

29 
No. ofSample 

285 
Pairs Pairs Pairs 
No. Higher in 

19 
No. Higher in 

20 
No. Higher in 

156 
Sept/Oct Sept/Oct Sept/Oct 
%Higher in 

68% 
%Higher in 

69% 
%Higher in 

55% 
Sept/Oct Sept/Oct Sept/Oct 
First-Draw Samples: Mar/Apr vs. Sept/Oct (Same Site, Same First-Draw Protocol Compared) 
Sequential Samples: June vs. Sept/Oct (Same Site/Same Liter Compared) 

Table S6d: Seasonal variability effects observed. 

Flushed sample results - The results of the flushed samples collected in September and October 
are tabulated in Table S7 by site. Most sites collected a 3 minute and 5 minute flushed sample. 
Some sites collected a 3, 5, and 7 minute flushed sample; and one site (site 29) collected a 3, 5, 
and 10 minute flushed sample, due to the length of the service line (159ft I 48.5 m). 

A flushed sample is collected by fully opening the sample tap and letting the water run for at 
least five minutes prior to a minimum 6 hour stagnation period. The date and time of the PF was 
recorded. After the minimum 6 hour stagnation period, and immediately before beginning the 
flushed sample collection, the date and time were again recorded and used as the start of 
sampling. The 3, 5, 7 and 10 minutes are measured from that start time, and water was not turned 
off between samples. For sequential sampling and flushed samples, the water was not turned off 
between samples. 

EPA's current Public Notification Handbook includes instructions that advise residents to run the 
water between 30 and 45 seconds before collecting water for consumption if the water has not 
been used for an extended period of time. Running the water (flushing) for 45 seconds resulted 
in high lead levels at the tap for some sites. The flushed sampling results in this study indicate 
that EPA should develop a more appropriate flushing guidance, based on whether a home has a 
LSL or not, and the length of the LSL. 

For homes with long LSLs, such as Site 29 (159ft I 48.5 m), flushing may not be a practical way 
to reduce lead levels, as lead levels did not decline any further following 3, 5 and 10 minutes of 
flushing. In the case of site 29, residents would likely have a minimum of approximately 8 to 
11 Jlg/L of lead in the drinking water for all water consumed, and should consider installing a 
water filter or using bottled water for drinking and cooking. 
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Flushed Sample Summary Table (pg/L) 
Mar/Apr2011 Mar/Apr2011 Sept/Oct2011 Sept/Oct 2011 Sept/Oct 2011 Sept/Oct 2011 

Site NHU 45sec PF 45sec 3min Smin 7min lOmin 
01 11.3 11.9 6.48 6.97 
03 12.0 6.71 3.78 2.93 
04 6.76 2.56 
05 13.2 14.1 
06 1.90 2.13 
07 15.3 24.9 5.49 5.46 5.32 
08 32.2 28.0 8.25 5.54 5.71 
09 15.9 17.7 14.3 7.23 
10 25.0 21.6 4.95 4.30 4.09 
11 4.13 5.30 1 75 1.69 
12 17.2 5.45 1 78 1.45 1.33 
13 3.50 2.94 
17 4.00 3.70 2.88 2.76 2.86 
18 9.57 12.4 4.15 3.71 
19 4.69 8.27 
20 2.80 2.54 
21 6.87 13.8 
22 9.19 7.93 
23 13.1 11.5 5.64 
24 6.10 4.98 6.38 
25 3.75 ND 
26 3.02 3.45 5.06 3.23 
27 4.53 3.76 15.0 14.1 
28 4.99 4.70 4.82 3.26 
29 13.5 28.6 11.9 10.9 10.8 
30 12.5 6.52 5.80 4.82 
31 3.16 12.3 3.78 3.76 
32 2.29 7.82 
33 16.4 14.0 4.40 4.06 
34 1.51 3.30 1.83 1.75 
35 5.28 10.5 5.53 4.03 
36 111 8.76 7.19 5.29 
38 1.60 2.30 

NHU 45sec Samples were collected following the collection of the First-Draw NHU samples by running the water 
for45 seconds following the collectionofthe First-Draw NHU sample. 

PF 45sec Samples were collected following the collection of the First-Draw PF samples by running the water for 45 
seconds following the collection of the First-Draw PF sample. 

3min, 5min, 7min, and lOmin flushed samples were collected after pre-flushing the tap for at least 5 minutes prior to 
the minimmn 6 hour stagnation time during which no water was used in the home. Following the stagnation period 
and prior to sample collection, residents flushed the tap for 3 min to collect the 3min sample, and then an additional 
2min for the 5min sample or 4min for the 7min sample. One site (site 29) had the longest lead service line so this 
site collected a 3 min, 5 min and lOmin flushed sample (water was flushed for an additional 5 minutes following the 
collection of the 5min sample to collect the 10 min flushed sample). Water was not turned off in between samples to 
avoid the water hatruner effect. Residents were instructed to have the bottles ready to insert under the faucet at the 

time. 

Site 20 and Site 21 are the same residence. Site 20 was the upstairs bathroom and Site 21 was the kitchen sink. Note 
that neither the 45sec NHU nor PF samples from the upstairs tap captured any LSL water, while at least one of the 
kitchen tap smnples did. 

Table S7: Smrunary table of flushed sample results. Samples that were above the lead AL are in bold, and smnples 
that contained visible particulates are shaded yellow. 
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Classification of Disturbed LSL Sites - A summary of the classification of each site as 
"disturbed", "undisturbed", or "indeterminate" is presented in Table S8, along with the number 
of samples collected per site and the number and percentage of sample results above the lead 
action level. The results from the "disturbed" and "undisturbed" sites are consistent with other 
research efforts showing that LSL disturbances result in higher lead levels [1-

31 . 

Disturbed, Undisturbed and Indeterminate Site Summary 

Disturbed 
Total #Samples 

Undisturbed 
Total #Samples 

Indeterminate 
Total #Samples 

Sites 
Samples AboveAL 

Sites 
Samples aboveAL 

Sites 
Samples aboveAL 

Collected (Disturbed) Collected (Undisturbed) Collected (Indeterminate) 
01 27 16 03 27 4 12 27 17 
05 27 2 04 14 0 21 27 7 
07 27 11 06 27 0 33 27 6 
08 27 19 11 27 0 --- --- ---
09 27 15 13 15 0 --- --- ---
10 27 15 18 27 0 --- --- ---
17 27 3 19 27 0 --- --- ---
27 27 5 22 27 0 --- --- ---
28 15 0 23 27 0 --- --- ---
29 27 15 24 27 0 --- --- ---
30 15 4 25 14 0 --- --- ---
31 27 10 26 27 0 --- --- ---
35 27 2 32 27 2 --- --- ---
--- --- --- 34 15 0 --- --- ---
--- --- --- 36 27 0 --- --- ---
--- --- --- 38 16 0 --- --- ---

Totals 327 117 Totals 371 6 Totals 81 30 
% of samples above AL: 36% % of samples above AL: 2% % of samples above AL: 37% 

Table S8: Smmnary Table of Disturbed, Undisturbed and Indeterminate Sites, with the number and percentages of 
sample results above the lead AL for each site and each grouping. 

Many direct LSL disturbances are localized to a specific segment of the LSL, and yet some sites 
have higher lead levels in sample liters over a significant portion of the LSL, not just in the 
immediate area of the LSL that was disturbed. A probable reason is that, except for the initial 
liter of water, each subsequent one-liter sample reflects both lead levels within the segment of 
the plumbing where the water stagnated as well as a contribution from the rest of the plumbing 
the water travelled through. For example, the fifth liter of water collected from a kitchen tap will 
not only capture the lead from the segment of LSL where the water stagnated, but it will also 
collect contributions from the plumbing downstream as the water passes through the remaining 
LSL and internal plumbing on the way to the kitchen tap. If the sample results only represented 
the portion of the plumbing where the water stagnated, it would be expected that a variety of 
metals would be found in the initial liters due to the presence of a variety of metallic plumbing 
materials and components, but only lead should be found in the LSL samples. In this study, a 
variety of metals was detected even in samples that represented LSL samples (Figure S6). 

Specifically, for Site 9, information provided by the resident indicated that the internal pipe from 
the LSL to the kitchen tap was galvanized iron pipe. This was confirmed by the co-occurrence of 
higher levels of zinc and iron within the first liter of water in figure S6. There were no copper 
pipes in the home, so the presence of the copper is indicative of brass components (faucet, 
connectors, shut-offvalve(s), and the water meter). Trace amounts of iron, zinc and copper are 
captured in the later liter samples as the water flows through the internal plumbing en route to 
the kitchen tap, along with traces of iron, potentially from the water main. It can reasonably be 
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assumed that the same phenomenon occurred for lead. Disturbed areas of the LSL have damaged 
scale, which can expose water passing through them to fresh lead. Therefore, lead measured in 
any sample upstream of the damaged area may include lead contributions from the damaged 
area. 

Sample location: Site 9 (June Sequential Sampling) 

•Lead Zinc 

2.5 90 

80 

20 70 

60 
15 

so 
u 
c 

40 r:::i 
10 

30 

.5 20 

10 

0 0 

1 2 3 4 .5 6 7 8 9 10 11 12 

Figure S6: The LSL at Site 9 measures approximately 102 ft (31.1 m) from the water main to the meter. From the 
meter, there is approximately 13.5 ft ( 4.1 m) of 1 inch (2.54 em) galvanized pipe to the kitchen tap. 

Variability of lead levels in City B- A second city, City B, exceeded the lead AL during 
the July-Dec 2010 monitoring period, and was required to comply with the LSL replacement 
requirements in the LCR. Table S9 contains the compliance monitoring history for City B. 

Monitoring Period Monitoring Period Number of Lead 901
n Percentile 

Begin Date End Date Samples Value (~g/1) 
7/1/2011 12/31/2011 101 12 
1/1/2011 6/30/2011 130 14 
7/1/2010 12/31/2010 105 23 
1/1/2009 12/31/2009 51 15 
1/1/2008 12/31/2008 58 14 
1/1/2007 12/31/2007 50 11 
1/1/2006 12/31/2006 60 14 
1/1/2005 12/31/2005 54 13 
1/1/2004 6/30/2004 104 12 
7/1/2003 12/31/2003 108 12 
1/1/2002 12/31/2004 50 15 
1/1/1999 12/31/1999 55 14 
1/1/1998 12/31/1998 50 6 
1/1/1997 12/31/1997 50 7 
7/1/1996 12/31/1996 50 15 
1/1/1996 6/30/1996 50 15 
7/1/1992 12/31/1992 50 15 
1/1/1992 6/30/1992 50 21 

Table S9: City B 90th percentile compliance values (1992- 2012). Samples that were above the lead AL are in bold. 
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The sampling instructions presented in Figure S7 are in accordance with the LCR, and were used 
to collect the LSL samples in City B, which has approximately 25,000 LSLs. 

Instructions for Lead Sample Collection 

1 Make sure the faucet used for 

device. 
z At make sure the rnu ... wu'" 

undisturbed for a 

collection 

11 No faucets in the house are 
11 The toilet is not flushed 

• The water Is not run for an lee maker. 

3 When you are to collect the <:::~m,n•~>~ 

Make sure the is taken before any other water is used. 

" the collection container. 

• Turn on the cold water. 
11 Allow the water to run until there a ~•arutlr·::~nt 

• Fill the container to the shoulder. 

• Do not rinse the bottle out. 
11 capthe 

4 Fill out the enclosed chain of 

S Fold and secure the chain 

container. 

container. 

form and survey. 

Place the container outside where it was·delivered. 

remains 

shower and sinks. 

•:• A utilities up the container. No one will enter your home. The 

must be left outside to be up. 

Figure S7: LSL sampling instructions provided by City B to residents. 

The sampling protocol used for collecting LSL samples ("allow the water to run until there is a 
significant change in temperature") can result in some sample results reflecting lead levels from 
internal plumbing rather than from within the LSLs. 

The results from City B are presented below in Figure S8. Similar to the results presented for the 
study of Chicago, City B 's results show significant variability in LSL lead levels across the 
system. Following the 2010 lead AL exceedance, the City B took 1,975 LSL samples, with a 
total of 1,762 results (89%) below the lead ALand 213 results (11 %) above the lead AL. LSL 
results above the AL were significantly variable, ranging from 16 Jlg!L to 580 Jlg/L with a large 
number of sample results in exceedance of 50 Jlg!L. 
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Lead Service Line Results Above AL - City B 
until Si~>nit;ir::aJnt 

1 
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Q Q 
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of LSL Lead Values 

Figure S8: Range of lead values for City B LSL sampling results 

SJ9of42 

Flint FOIA Production 12-120000057 

3 3 1 

0 0 0 
Q 0 Q 

""" 
1.1', ..,., 

0 0 Q.l ..., ..., > 
,..; ,..; 0 
0 Q .Q 

"1 """ 
<( 

ED_000838_00000658-00019 



EPA FOIA Production 12/12/2016 
Flint Water Documents 

Sequential Sampling Summary Graphs-The headers are color-coded based on whether 
the site has a disturbed LSL (red) or an undisturbed LSL (green). Sites for which this could not 
be determined (indeterminate sites) are color-coded orange. Water usage information is listed for 
each site. The samples which contained visible particulates are highlighted yellow, and the 
results that are above the lead AL are in bold text in the data tables. For sites that conducted 
sequential sampling in both June and Sept/Oct, the sequential sampling profiles were generally 
consistent during both sampling periods (see Figures S9- S40). 
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i 15.0 
.£1 

0.. 10.0 
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Sitel -June 

1 2 .':\ 4 5 6 7 8 9 10 11 1l B 14 

Disturbance( s ): Water meter installed in 20 I 0 
ApproximateLSL Length: 89ft (27.1 m) 
AveMonthlyWaterUse: 3,444gal.(l3,037 L) 

Figure S9: Sequential Lead Results- Sample Site #I (June and Sept/Oct) 

25.0 

20.0 

< 15.0 
011 

-= f. 10.0 
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0.0 
1 2 .':\ 4 

Disturbance(s): No known disturbance 
ApproximateLSL Length: 73ft (22.3 m) 
Ave Monthly Water Use: Not metered 

5 

Figure SlO: Sequential Lead Results- Sample Site #3 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: Unknown 
Ave Monthly Water Use: Not metered 

Figure Sll: Sequential Lead Results- Sample Site #4 (June) 

Site4 -June 

SiteS -June 

1 l 4 5 

Disturbance( s ): Water meter installed in 20 II 
ApproximateLSL Length: 80ft (24.4 m) 
Ave Monthly Water Use: 10,400 gal. (39,368 L) 

Figure S12: Sequential Lead Results- Sample Site #5 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 60ft (18.3 m) 
Ave Monthly Water Use: Not metered 

5 

Figure S13: Sequential Lead Results- Sample Site #6 (June and Sept/Oct) 
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Disturbance(s): Street excavation, potential installation of Cu whip at service connection in 2008 
ApproximateLSL Length: 59+ ft (18.0+ m) 
Ave Monthly Water Use: Not metered 

Figure S14: Sequential Lead Results- Sample Site #7 (June and Sept/Oct) 
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Site 8 

1 2 .3 4 5 6 7 8 9 

Disturbance( s ): Leak in parkway, repaired roundway in 2005. 
ApproximateLSL Length: 57ft (17.4 m) 
Ave Monthly Water Use: Not metered 

Figure S15: Sequential Lead Results- Sample Site #8 (June and Sept/Oct) 
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Disturbance(s): Water meter installed in 2008. 
ApproximateLSL Length: 102 ft(3U m) 

Site9 

6 7 

-June 

10 11 12 B 14 15 

-June 

-------- -------- "·------

8 9 10 11 12 

Ave Monthly Water Use: 3,190 (12,075 L)- In Sept 20ll, usage was 24,000 gaL (90,850 L) due to 
hose left running for one or more days. In calculating the overall average, the Sept 20 I 0 value of 
8,000 gaL (30,283 L) was also used for Sept 2011 instead of the 24,000 gaL (90,850 L) value. 

Figure S16: Sequential Lead Results- Sample Site #9 (June and Sept/Oct) 
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Site 10 -June 

1 2 .':\ 4 5 6 7 8 9 10 11 12 B 14 15 

Disturbance(s): Service leak repair, water meter installed in 2009. 
ApproximateLSL Length: 48+ ft (14.6 m) 
Ave Monthly Water Use: 1,826 gal. (6,912 L) 

Figure S17: Sequential Lead Results- Sample Site #10 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 50ft (15.2 m) 
Ave Monthly Water Use: Not metered 

5 

Figure S18: Sequential Lead Results- Sample Site #II (June and Sept/Oct) 
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Disturbance( s ): Indeterminate 
ApproximateLSL Length: 53 (16.2 m) 
Ave Monthly Water Use: Not metered 

Site 12 

5 6 7 

Figure S19: Sequential Lead Results- Sample Site #12 (June and Sept/Oct) 

Disturbance(s): No known disturbance 
ApproximateLSL Length: 49+ ft (4.9 m) 
Ave Monthly Water Use: Not metered 

Figure S20: Sequential Lead Results- Sample Site #13 (Sept/Oct) 
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Site 17 
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Disturbance(s): Meter replacement in 2008. 
ApproximateLSL Length: 58+ ft (17.7+ m) 
Ave Monthly Water Use: 9,772 gaL (36,991 m) 

Figure S21: Sequential Lead Results- Sample Site #17 (June and Sept/Oct) 
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Disturbance(s): No known distutbance 
ApproximateLSL Length: 76ft (23.2 m) 
Ave Monthly Water Use: Not metered 

5 

Figure S22: Sequential Lead Results- Sample Site #18 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 63ft (19.2 m) 
Ave Monthly Water Use: Not metered 
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Figure S23: Sequential Lead Results- Sample Site #19 (June and Sept/Oct) 
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Disturbance( s ): Indeterminate 
ApproximateLSL Length: 46ft (14.0 m) 
Ave Monthly Water Use: Not metered 
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Figure S24: Sequential Lead Results- Sample Site #21 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 65ft (19.8 m) 
Ave Monthly Water Use: Not metered 

Site 22 
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Figure S25: Sequential Lead Results- Sample Site #22 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 66ft (20.1 m) 
Ave Monthly Water Use: Not metered 

Site 23 
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Figure S26: Sequential Lead Results- Sample Site #23 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 56ft (17.1 m) 
Ave Monthly Water Use: Not metered 
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Figure S27: Sequential Lead Results- Sample Site #24 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 70ft (21.3 m) 
Ave Monthly Water Use: Not metered 

Site 25 
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Figure S28: Sequential Lead Results- Sample Site #25 (June and Sept/Oct) 
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Site 26 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 66ft (20.1 m) 
Ave Monthly Water Use: Not metered 

Figure S29: Sequential Lead Results- Sample Site #26 (June and Sept/Oct) 
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Disturbance(s): Meter replacement in 2010. 
ApproximateLSL Length: 47+ ft (14.3 m) 
Ave Monthly Water Use: 4267 gaL (16,152 L) 

Figure S30: Sequential Lead Results- Sample Site #27 (June and Sept/Oct) 
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4 

Disturbance(s): Meter replacement in 2009. 
ApproximateLSL Length: 61+ ft (18.6+ m) 
Ave Monthly Water Use: 4273 gal. (16,175 L) 

Figure S31: Sequential Lead Results- Sample Site #28 (Sept/Oct) 
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Disturbance(s): Probable Approximate LSL leak repair, meter installed in 2010. 
ApproximateLSL Length: 159ft (48.5 m) 
Ave Monthly Water Use: 1,438 gal. (5,443 L) 

Figure S32: Sequential Lead Results- Sample Site #29 (June and Sept/Oct) 
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Site 30 

Disturbance(s): Broken water main in 2000, sidewalk replaced & street re-surfacing. 
ApproximateLSL Length: 49+ ft (14.9 m) 
Ave Monthly Water Use: Not metered 

Figure S33: Sequential Lead Results- Sample Site #30 (Sept/Oct) 
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Site 31 

Disturbance( s ): Approximate LSL leak repair in 20 I 0. 
ApproximateLSL Length: 7l+ft(2l.6+m) 
Ave Monthly Water Use: Not metered 

Figure S34: Sequential Lead Results- Sample Site #31 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 43 ft(l3.l m) 
Ave Monthly Water Use: Not metered 

Site 32 

5 6 

Figure S35: Sequential Lead Results- Sample Site #32 (June and Sept/Oct) 
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Disturbance( s ): Indeterminate 
ApproximateLSL Length: 43+ ft (13.1 m) 
Ave Monthly Water Use: Not metered 

Site 33 
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Figure S36: Sequential Lead Results- Sample Site #33 (June and Sept/Oct) 
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Site34 

1 2 3 4 .s 6 

Disturbance(s): No known disturbance 
ApproximateLSL Length: Unknown 
Ave Monthly Water Use: Not metered 

Figure S37: Sequential Lead Results- Sample Site #34 (Sept/Oct) 
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Disturbance( s ): Meter installed in Aug 2011 (between June and Sept/Oct sampling). 
ApproximateLSL Length: 80ft (24.4 m) 
Ave Monthly Water Use: 4,667 gaL (17,667 L)- Data available only for Aug-Oct 2011 

Figure S38: Sequential Lead Results- Sample Site #35 (June and Sept/Oct) 
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Disturbance(s): No known disturbance 
ApproximateLSL Length: 83+ ft (25.3 m) 
Ave Monthly Water Use: Not metered 
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Figure S39: Sequential Lead Results- Sample Site #36 (June and Sept/Oct) 
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Disturbance( s ): No known disturbance 
ApproximateLSL Length: 51 ft(l5.5 m) 
Ave Monthly Water Use: Not metered 

Figure S40: Sequential Lead Results- Sample Site #38 (June) 
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Sampling collection and reporting instructions and forms 

-June 

-------- ' ------- '··----------

7 3 9 10 11 12 

7 3 9 10 11 12 

March/April sampling- The sampling instructions and forms below were used in the 
March/ April sampling. Sampling was scheduled to conclude in March, but the sampling ran into 
April. As a result of the instructions below, some volunteers sampled one day at the kitchen tap 
and one day at the bathroom tap. The intent was to have all samples collected from the same tap, 
so volunteers that split the samples were asked to collect replacement samples so that a complete 
set of four samples was collected at the same tap. We chose the kitchen tap, and all samples 
collected thereafter were also collected at the kitchen tap. In addition, the 45-second flushed 
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sampling protocol was not used after the March/ April sampling due to the complication with 
corroded galvanized pipe. 

You will be taking a total of 8 samples for this study. One set of 4 samples will be taken in March 2011 and one set 
of 4 samples (using the same instructions) will be taken in August 2011. 

General Instructions for all four samples of a set 
Sample # 1 and Sample #2 must be collected one after another on the same day. 
Sample #3 and Sample #4 must also be collected one after another on the same day, and within the same week as 
Sample #1 and Sample #2. 

All samples should be collected from taps that are generally used by your household for drinking water. Do not 
collect samples from a taps that have not been used within the last 24 hours. Use a kitchen or bathroom cold-water 
faucet for your sampling. 

Do not collect samples from a tap that has a water filter or is connected to a water softener. If you have a water 
softener or water filter on your kitchen tap, collect your sample from a bathroom tap that is not attached to the water 
softener or water 

Collecting Sample # 1: The first sample is to be collected after water throughout the household has not been used 
for a minimum of 6 hours (example: midnight to 6am). During these 6 hours, do not flush toilets, shower, or run 
water from other faucets. The best time to collect samples is either: 
1) First thing in the morning, before any water is used in the household; or 2) Immediately upon returning from 

work, and prior to using any water, as long as water has not been used in the household during the day. 

1. When you are ready to collect your first sample, use the sample bottle labeled 'Sample # 1 '. 
2. Do not run any water from the tap before collecting the first sample. 
3. Place the opened sample bottle below the faucet and gently open the cold water tap. 
4. Fill the sample bottle as you would normally fill a glass of water for drinking, up to the neck of the bottle (see 

and turn off the water. the bottle. 

Important: Please make sure you use the bottle labeled 'Sample #2' (or your second sample' 

Collecting Sample #2: This sample is to be collected from the same faucet as Sample #1, immediately after 
collecting Sample #1. 

l. 45 Shut off the water and 
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sample bottle (labeled Sample #2) below the faucet and gently open the cold water tap. 
2. Fill the sample bottle as you would normally fill a glass of water for drinking, up to the neck of the bottle (see 

Dhl)to:graons on first and tum off the water. the bottle. 

Important: Please make sure you use the bottle labeled 'Sample #3' (Or your third sample! 

Collecting Sample #3: Collect on a different day in the same week as Samples #1 & #2. 

1. Before letting the water sit for a minimum of 6 hours, run the water from the faucet for 5 minutes at a high rate, 
and then do not use any water in the household for at least 6 hours after that (Example: Run the water for 5 
minutes at midnight before going to bed, and then do not use any water in the household until collecting the 
third sample at 6 am the following morning). 

2. Do not run any more water from the tap before collecting the third sample. Place the opened sample bottle 
below the faucet and gently open the cold water tap. 

3. Fill the sample bottle as you would normally fill a glass of water for drinking, up to the neck of the bottle (see 
Dhl)to:graohs on first and tum off the water. the bottle. 

Collecting Sample #4: This sample is to be collected from the same faucet as Sample #3. 

1. Immediately after collecting Sample #3, run the water for 45 seconds. Shut off the water, and place the opened 
sample bottle (labeled Sample #4) below the faucet and gently open the cold water tap. 

2. Fill the sample bottle as you would normally fill a glass of water for drinking, up to the neck of the bottle (see 
on first and tum off the water. the bottle. 

Figure S41: March/April sampling instructions. 
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Sample ID (from Sample Bottle #1): _____ _ Date/time Sample #1 was collected: 

Volunteer ID: Sampling Location: Kitchen Faucet D Bathroom Faucet D 

Date/time the water was last used in household before collecting Sample #1: 

\Vas sample #1 collected from a faucet that has a water softener or water filter? YesD NoD 

Sample ID (from Sample Bottle #2): _____ _ Date/time Sample #2 was collected: 

Volunteer ID: Sampling Location: Kitchen Faucet D Bathroom Faucet D 

Date/time the water was last used in household before collecting Sample #2: 

\Vas Sample #2 collected from the same faucet as Sample #1: YesD NoD 

Sample ID (from Sample Bottle #3): _____ _ Date/time Sample #3 was collected: 

Volunteer ID: Sampling Location: Kitchen Faucet D Bathroom Faucet D 

Date/time the faucet was flushed before collecting Sample #3: ______________ _ 

\Vas sample #3 collected from a faucet that has a water softener or water filter? YesD NoD 

Sample ID (from Sample Bottle #4): _____ _ Date/time Sample #4 was collected: 

Volunteer ID: Sampling Location: Kitchen Faucet D Bathroom Faucet D 

Date/time the faucet was flushed before collecting Sample #4: ______________ _ 

\Vas Sample #4 collected from the same faucet as Sample #3: YesD NoD 

Have there been any plumbing repairs or plumbing work done within the household during the last six months (including installation of 
new faucets)? Yes D No D 

If yes, explain briefly (Example- 'New faucet installed one week ago'): 

FOR EPA USE: Samples received by---------- Date/Time: 

Samples transferred to Region 5 Laboratory by---------- Date/Time: ---------

Volunteer Certification: I have read the sampling instructions and have collected the samples in accordance with the 
instructions provided. 

OR __________________________ _ 
Signature/Date Volunteer ID/Date 

Figure S42: March/ April sample collection and reporting form. 
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Sequential Sampling Instructions for June- The sampling instructions and forms below were used 
in the June sequential sampling. 

Sequential Sampling Instructions 
Please read all instructions before beginning your sampling 

General Information 
•Use only the kitchen faucet for all of these samples. 

•Use only cold water and open the cold water tap all the way when filling the bottles. 

•Fill each bottle to the top of the label on the sample bottle. 

Sam~ling Instructions 
•The night before sampling (right before everyone goes to bed) run the water from the kitchen tap for at least 5 
minutes. Write down the date/time you finished running the water on the form on the back side of this page. 

•The water must sit motionless in the home plumbing for at least 6 hours before collecting the samples so do not use 
water in the home after you finished running the water and until all samples are collected the following morning. 
Showering, flushing toilets, or other water use will affect the sampling results. It may help to tape a sign in the 
kitchen and bathrooms with a reminder not to use the water, in case people forget. 

• The bottles are numbered, and it is very important to collect them in order (Sample 1 first, Sample 2 second, etc.). 

• In the morning, when you are ready to sample, place the open bottles in order by sample number. You will be 
collecting the samples without shutting off the water in between samples, so you should remove the caps from all 
bottles so that you have all of the bottles ready to fill. You can put the caps on after all samples have been collected. 
Try not to let any water spill in between samples. 

•Write down the date/time right before you sample on the form on the back side of this page. 

•Begin by placing the Sample 1 bottle under the faucet and open the cold water slowly until the faucet is fully open. 
While one bottle is filling, grab the next bottle so that you are ready to move it under the faucet quickly. 

•Once the bottle is filled to the top of the label, quickly place the Sample 2 bottle under the faucet, and continue until 
you have filled all sample bottles. 

Sequential Sampling- Sample Collection and Reporting Form 
Volunteer ID: 

Sampling Information 
Date/time the wate1· was last used in household (the night before collecting the samples): -
Date/Time Volunteer Began Collecting Samples: 
Were All Samples Collected from the Kitchen Tap? Yes D NoD 

FOR EPA USE: Samples received by Date/Time: 
Samples transferred to Region 5 Laboratory by Date/Time: 

EPA Use: Visible Particulate in any samples? YesD NoD 
If Yes -List Samples With Particulate 

Volunteer Certification: I have read the sampling instructions and have collected the samples in accordance with 
the instructions provided. 

----------------------------------------- OR ______________________________ _ 
Signature/Date Volunteer ID/Date 

Figure S43: June sampling instructions and sample collection and reporting form. 
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Sampling instructions for September/October - In the final round of sampling, the number and 
type of samples was customized to each site and sites collected 3 days of sampling. The 
instructions below were for a site collecting one NHU First-draw sample, 11 sequential samples 
and a 2 flushed samples. Some sites collected additional sequential samples and some collected 3 
flushed samples instead of two. 

Sampling Instructions 
Please read all instructions before you start sampling. 

General Information 
Use only the kitchen faucet for all of these samples. 
Use only cold water. 
Open the cold water tap all the way when filling the bottles. 

u Fill each bottle to the top of the label on the sample bottle. 
Sampling Instructions 

There are three different sets of samples for you to collect (Sample Set #1, #2 and #3). 
Each set will be taken on a different day. (The three sampling sets do not have to be taken on three days in 
a row.) 

U A section of the reporting form (attached) needs to be filled in for each day of sampling. 
A) Sample Set #1 (1 bottle, Blue Label) 
1. The water must sit motionless in the home plumbing for at least 6 hours before collecting the sample. Typically, 
the night before taking the sample, make sure that no one uses water in the home until you collect the sample from 
the kitchen the following morning. 

2. In the morning, when you are ready to sample, write down the date/time on the attached form. 

3. Fill up the bottle with the BLUE LABEL. That's it for collecting the first sample set. 
B) Sample Set #2 "Sequential Sampling" (11 bottles, WHITE LABELS) 
1. The night before sampling (right before everyone goes to bed) run the water from the kitchen tap for at least 5 
minutes. Write down the date/time you finished nmning the water on the form. After nmning the water for 5 
minutes, it should sit motionless in the home plumbing for at least 6 hours. 

2. In the morning, your first water usage should be collecting eleven samples in a row (one after another). Use the 
bottles with the WHITE LABELS. The samples should be collected without shutting off the water in between 
samples. To do this, remove the caps from all eleven bottles before you tum on the water. 

3. Place the eleven open bottles in order by sample nmnber before you start collecting the samples Try not to waste 
water in between the samples. You can put the caps on after all 11 samples have been collected. The bottles are 
numbered Seq 01, to Seq 1l.lt is very important to collect the samples in order (Seq 01 first, Seq 02 second, 
etc.). 

4. Use the attached reporting fonn to note the date and time that you started taking the sample set. 
C) Sample Set #3 (2 Bottles, GREEN LABEL and YELLOW LABEL) 
1. The night before sampling (right before everyone goes to bed) run the water from the kitchen tap for at least 5 
minutes. Write down the date/time you fmished nmning the water on the form. After nmning the water for 5 
minutes, it should sit motionless in the home plumbing for at least 6 hours. 

2. In the morning, when you are ready to sample, write down the date/time on the attached reporting form. 

3. Run the water for 3 minutes, then collect a sample in the jar with the GREEN LABEL. Continue to let the water 
run for an additional2 minutes (for a total of 5 minutes), and collect the final sample in the bottle with the 
YELLOW LABEL. 

Figure S44: Sept/Oct sampling instructions. 
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Sample Collection and Reporting- Sampling set # 1 (Blue label) 
Volunteer ID: 

Sampling Information 

Date/time the water was last used in household (the night before collecting the samples): 

Date/Time Volunteer Began Collecting Samples: 

Were All Samples Collected from the Kitchen Tap? Yes D NoD 

FOR EPA USE: Samples received by Date/Time: 

Samples transferred to Region 5 Laboratory by Date/Time: 

EPA Use: Visible Particulate in any samples? YesD NoD 
If Yes -List Samples With Particulate 

-

Sample Collection and Reporting- Sampling set# 2 (11 samples, White labels) 
Volunteer ID: 

Sampling Information 

Date/time the water was last used in household (the night before collecting the samples): 

Date/Time Volunteer Began Collecting Samples: 

Were All Samples Collected from the Kitchen Tap? Yes D NoD 

FOR EPA USE: Samples received by Date/Time: 

Samples transferred to Region 5 Laboratory by Date/Time: 

EPA Use: Visible Particulate in any samples? YesD NoD 
If Yes -List Samples With Particulate 

Sample Collection and Reporting- Sampling set# 3 (Green and Yellow labels) 
Volunteer ID: 

Sampling Information 

Date/time the water was last used in household (the night before collecting the samples): 

Date/Time Volunteer Began Collecting Samples: 

We1·e All Samples Collected from the Kitchen Tap? Yes D NoD 

FOR EPA USE: Samples received by Date/Time: 

Samples transferred to Region 5 Laboratory by Date/Time: 

EPA Use: Visible Particulate in any samples? YesD NoD 
If Yes -List Samples With Particulate 

Volunteer Certification: I have read the sampling instructions and have collected the samples in accordance with 
the instructions provided. 

Signature/Date 

OR __________________________ __ 

Volunteer ID/Date 

Figure S45: Sept/Oct sample collection and reporting form. 
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ADVANCING THE SCIENCE OF WATER® 

About the Water Research Foundation 

The Water Research Foundation (formerly Awwa Research Foundation or AwwaRF) is a member-supported, 
international, 501(c)3 nonprofit organization that sponsors research to enable water utilities, public health 
agencies, and other professionals to provide safe and affordable drinking water to consumers. 

The Foundation's mission is to advance the science of water to improve the quality of life. To achieve this 
mission, the Foundation sponsors studies on all aspects of drinking water, including resources, treatment, 
distribution, and health effects. Funding for research is provided primarily by subscription payments from 
close to 1 ,000 water utilities, consulting firms, and manufacturers in North America and abroad. Additional 
funding comes from collaborative partnerships with other national and international organizations and the 
U.S. federal government, allowing for resources to be leveraged, expertise to be shared, and broad-based 
knowledge to be developed and disseminated. 

From its headquarters in Denver, Colorado, the Foundation's staff directs and supports the efforts of 
more than 800 volunteers who serve on the board of trustees and various committees. These volunteers 
represent many facets of the water industry, and contribute their expertise to select and monitor research 
studies that benefit the entire drinking water community. 

The results of research are disseminated through a number of channels, including reports, the Web site, 
Webcasts, conferences, and periodicals. 

For its subscribers, the Foundation serves as a cooperative program in which water suppliers unite to pool 
their resources. By applying Foundation research findings, these water suppliers can save substantial costs 
and stay on the leading edge of drinking water science and technology. Since its inception, the Foundation 
has supplied the water community with more than $460 million in applied research value. 

More information about the Foundation and how to become a subscriber is available on the Web at 
www .WaterResearchFou ndation .org . 
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DISCLAIMER 

This study was funded by the Water Research Foundation (Foundation). The Foundation assumes 
no responsibility for the content of the research study reported in this publication or for 

the opinions or statements offact expressed in the report. The mention of trade names for 
commercial products does not represent or imply the approval or endorsement of the Foundation. 

This report is presented solely for informational purposes. 

Copyright ©2010 
by Water Research Foundation 

ALL RIGHTS RESERVED. 
No part of this pub I ication may be copied, reproduced 

or otherwise uti I ized without perm iss ion. 
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ABSTRACT 

Partially replacing lead service lines with copper is a common practice for some water 
utilities, and it can be required by law if the federal limit for lead in tap water is exceeded. The 
goal of this practice is to reduce lead levels in tap water, by reducing the amount of lead pipe that 
contacts the water. However, field data have indicated that lead concentrations may increase for 
a short duration after partial replacements, and their potential longer-term effects have never 
been subjected to a rigorous scientific study. Furthermore, a recent announcement by the Centers 
for Disease Control (CDC) revealed that partial lead service line replacements may have actually 
increased the incidence of elevated blood lead in children. The preliminary results of the CDC 
epidemiological study prompted an important update to lead poisoning prevention program 
managers on potential dangers of the practice. 

The work presented herein was supported by a Water Research Foundation Project 
Continuation Reserve (PCR) fund, and is an extension to Project 4088 entitled "Impact of 
Chloride:Sulfate Mass Ratio (CSMR) Changes on Lead Leaching in Potable Water." The Water 
Research Foundation extended that project to examine effects of CSMR and galvanic corrosion 
on lead leaching to potable water after partial lead service line replacements. 

Due to property ownership issues, partial lead service line replacements (and not full 
replacements) are widely implemented in the US, with a purported goal of reducing lead-in
water problems. During a partial-pipe replacement, a portion of the lead service line is typically 
replaced with copper pipe, and the dissimilar metallic pipe materials are then connected to 
restore drinking water service. This condition creates an electrochemical or galvanic cell, which 
can accelerate corrosion of the lead pipe via galvanic connection to copper. In this work, the 
adverse effects of such connections in the context of lead leaching were confirmed in 
experiments of simulated lead service line replacements. Under stagnant water conditions, 
galvanic connections between lead pipe (either new or old) and copper pipe increased lead 
release into the water, compared to a full length oflead pipe alone. 

The extent of galvanic corrosion observed was dependent on drinking water quality. 
Exposure to synthetic water of high CSMR (i.e., CSMR of 16) increased lead release from the 
Pb:Cu test rigs by 3-12 times, compared to low CSMR water (i.e., CSMR of 0.2). Higher 
galvanic currents between lead and copper were measured when the CSMR was high, 
mechanistically explaining the trends in lead release. Even though more work is needed in order 
to quantify the relevant contribution of galvanic corrosion to lead release, consideration of its 
long-term impact after partial lead service line replacements with copper is very important. 

A conference presentation is available on this work: 
Triantafyllidou, S.; Nguyen, C.; Edwards, M. Contribution of Galvanic Corrosion to 
Lead in Water after Partial Lead Service Line Replacements. 2009 A WWA Water 
Quality Technology Conference. Seattle, WA. Presentation WED7. November 2009. 

Key aspects of this study are also available in the form of a webcast, accessible through the 
Water Research Foundation website: 

Nguyen, C., Triantafyllidou, S., Stone, K., Clark, B., Edwards, M., Gagnon, G, 
Knowles, A .. Impact of Chloride:Sulfate Mass Ratio (CSMR) Changes on Lead 
Leaching in Potable Water. March 16, 2010. 
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Background. Most IEEd in drinking water comes from 
premisa plumbing materials and IEEd sarvire lines (LSLs). LSLs 
are generally the largest sourre of lEa:! in drinking water when 
they are prES:lnt in public water systems.1 The 1986 83fe 
Drinking water Act Amendments banned new lEa:! pipes in the 
potable water network, but a legocy of millions of partial or 
whole LSLs remains in many public water systems.2 Where the 
term "lEa:! corrosion" is U93d, it refers to the corrosion of lEa:! 
plumbing materials that result in the transfer of dissolved or 
particulate lEa:! into the drinking water. 

The LEa:! and Copper Rule (LCR) sanpling is intended to 
rra:EUre the lEa:! le.tels in drinking water to cm:ss the 
efi:cti\1811Effi of corrosion control trEEtment utilized by public 
water systems (P/11'2£,) to minimize lEa:! in drinking water. 
P/11'2£, are required to usa sanpling sites that are presumed to 
be the highest-risk sites for IEEd rela:se, and to optimize 
corrosion control to minimize lEa:! levels at consumers' taps. 
Most published sanpling studies typically focus on systems 
having high IEEd levels or systems that have experienced 
challenges in attempting to balanre LCR complianre with 
various other trEEtrnent or water quality objECtives. Exoept for 
LCR compl ianre data, I itt le published data exists or is available 
for systems that are considered to be operating with optimal 
corrosion control and meeting the lEa:! action level (AL) in the 
LCR This study focuses on a system that is considered to have 
optimized corrosion control using a blended phosphate, with a 
relatively stable water quality, and complianre results 
historically well below the lood AL. This situation is 
reprES:lntative of a large percentage of systems sarving 
100,000 or more people that utilize orthophosphate or blended 
phosphates for corrosion control and the vast majority of 

This article not subject to U.S Copyright. 
Published 2013 by the American Chemical 
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systems are meeting the lEa:! AL t:a::ecl on the current S31llpling 
protocol in the LCR. Additional information on the LCR and 
study is available in the Supporting Information (SI ). This 
study fOCU93d on whether (1) the current LCR complianre 
sanpling protocol adequately captures the pEEk lEa:! levels in a 
water system; (2) "preflushing" (PF) results in capturing lower 
lEa:! le.tels in sanples compared to S31llples collECted under 
normal household ~ (NHU) conditions; (3) a first-draw 
sanpling protocol appropriately determines the adequacy of 
optimal lEa:! corrosion control in water systems with LSLs; and 
(4) there is93ESOnal variability in thesanpling results using the 
difurent sanpling protocols. 

System Information. The Chicqp Department of water 
Management (CDWM) operates two similar conventional 
surfcm water filtration trEEtment plants sarving approximately 
5.4 million residents, including th093 in 125 suburbs. Lake 
Michigan is the sole water sourre, with relatively stable water 
quality looving the trEEtment plants and in the distribution 
system (Table 1). Before the LCR, CDWM utilized pH/ 
alkalinity adjustment for corrosion control. CDWM switched to 
a proprietary blended phosphate at both plants between 1993 
and 1994 which is still U93d as the primary corrosion control 
trEEtment. 

The LCR requires public water systems to collECt lEa:! 
sanples using a first-draw (FD) S31llpling protocol, andS31llples 
were collECted almost exclusively from single-fanily homes with 
LSLs as required by the LCR sanple site saiECtion require-
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Table 1. Water Quality Data 2011 

outlets distribution 

parameter min max min max 

temp (°C) 4 24 5 23 
turbidity (NTU) 0.1 0.2 0.1 0.4 
pH 7.5 7.8 7.7 7.8 
Cl2 residual (mg/L) 1.0 1.2 0.7 0.9 
total alkalinity (mg/L as CaC03) 103 108 98 108 
chloride (CI, mg/L) 16 20 17 20 
sulfate (mg/L) 29 31 29 30 

Ca (mg/L) 34 39 34 39 

P04 (mg/L) 0.4 0.6 0.5 0.5 
total P04 (mg/L) 0.8 1.1 0.8 1.2 

AI (119/L) 34 126 29 113 

Fe (119/L) <5 <5 <5 34 

Mn (119/L) <3 <3 <3 <3 

ments.3 8ince the initial LCR monitoring, Chicago has 
exoea::led the IEEd AL only once, during .lily- Doo3mber 
1992, with an averqJe OOth percentile compliance monitoring 
value between 1999 and 2010 of 6 iJQ/L (81 Table 82).3 

The LCR requirES 1-L, FD tap S311lpiES of water that has 
stood motionlESS in the plumbing system (i.e., has st<{lnated 
within the plumbing) for at least 6 h. The two variants of the 
FD scmpling protocol currently used by public water system; 
are defined herein as the NHU first-draw scmple, where water 
is used in a normal household manner, and then allowed to sit 
motionlESS in the plumbing for at least 6 h before the scmple is 
collected; and the PF first-draw S311lple, where the water is run 
from the S311lpling tap for a specified crnount of time 
immediately prior to the st<{lnation period. Howe.ter, the 
LCR dOES not provide specific details on water t..re during the 
st<{lnation period. 

Almost all p.,r.,f'2£, in the U.S. rely on rESidents to collect 
compliance scmpiES under the LCR and there are difurenCES 
ocrOffi the U.S. in how system; instruct rESidents not to t..re the 
water during the st<{lnation period prior to collecting the 
scmple. A re.tiew of example sats of scmpling instructions 
provided to rESidents by large p.,r.,f'2£, in the U.S. found that 
some are instructed not to t..re any water fran the tap to te 
scmpiEd during thest<{lnation period. Others are instructed not 
to t..re any waler in the ha..f£:tnld. Prior to 2009, CDWM used 
the PF first-draw scmpling protocol, with a 5-min preflush 
preceding st<{lnation. Recent instructions to rESidents included 
not using water from the scmpling tap or from any 1163rby tap 
until the (poststC{Ination) scmpiES were collected, and to 
collect scmpiESassoon as PQffiible after the minimum required 
6-h st<{lnation period. RegardlESS of the scmpling protocol, 
rESident-collected S311lpiES necessitate the t..re of simple 
instructions and make it diffcult to ensure strict adherence to 
any S311lpling protocol. In addition, the diversa premisa 
plumbing materials and configurations (81 Table 81) represent 
varying eft:cts of flow ratES, hydraulic flow charocteristi<S, and 
PQffiible IEEd sorption/particle rela:m ett:cts on the shapES of 
the IEEd ,grofiiES, particularly with corroded galvaniZEd pipe 
locations. ·5 

1111111111111111 

Sampling Objectives and Protocol. 8ince the promul
gation of the LCR, new rES:Erch on IEEd corrosion has shown 
that there are many rn:dlanisrrs and water quality foctors 
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involved.1
•
4

•
6

-
11 Specifically, theS311lpling protocolsUS8d in this 

study were evaluated to determine if 

preflushing biESES rESUlts; 
first-draw scmpiES, with or without preflushing, capture 
the "worst-ca:e" level of IEEd corrosion under normal t..re 

conditions; and 
s:asonal variability att:cts IEEd concentrations (in this 
water system). 

Consistent with the LCR requirements and CDWM 
compliance scmpling, scmpiES for this study were collected 
by voluntrer rESidents from 32 single-fa'nily rESidenCES, built 
between 1890 and 1960, with LSLs. An additional 5 horn:s 
were S311lpled and determined not to have LSLs, and were 
therefore excluded from further S311lpling. All rESUlts are 
included in the Supporting Information, but the non-LSL sitES 
were not US8d in the data analysis (81 TabiESS4a, 85, S6a, S3b, 
and ST). 

Information was requESted on the specific plumbing 
configurations of a:£h scmpling site to a much grEEter extent 
than the regulatory requirements which simply require the 
plumbing material to be identified. This information, along with 
analyse; conducted for IEEd, copper, iron, and zinc for a:£h 
scmple, focilitated a better understanding of the ob93rved water 
IEEd levels. RESidents were asked to (1) complete a plumbing 
profile identifying the kitchen tap and meter or internal shut-off 
valve, and (2) dEScribe the internal plumbing, including any 
recent plumbing work (81 Figure 81 ). The information 
provided by rESidents along with the rESUlts of the four metals 
provided additional information on the saquencES of plumbing 
materials, and the presance of in-line brass plumbing 
components. CDWM provided the locations of water mains, 
sarvice line materials, work conducted by the city at a:£h 
rESidence (meter installation or repair, shut-off valve repair/ 
replocement, sarvice line 1631< repair, street excavation), and 
monthly water t..re data for rESidenCES with water meters. The 
information provided by CDWM on water main locations was 
used to rn:asure the distance from the water main to a:£h 
rESidence, and internal plumbing information provided by 
rESidents was used along with the rn=:asured length from the 
water main to the rESidence to approximate the L8L length (81 
Table 81). 

RESidents were provided with written S311lpling and reporting 
instructions for a:£h S311lpling event (81 FigurES S41-S45). 
One-liter, high-density pol)€thylene (HOPE), wide-mouth (5.5 
em, 2.2 in.) scmple bottlES were US8d to collect all S311lpiES. 
RESidents were instructed not to remove oorators prior to 
scmpling and not to collect S311lpiES after point-of-t..re or point
of-entry trEEtment deviCES. 

Several prior studiES have suggESted that significant 
contributions of particulate-a;sociated IEEd can be mobiliZEd 
cs a function of flow rate and turbulence in certain water 
chemistriES, though studiES have not developed predictive 
relationship; to premisa plumbing material, s::ale composition, 
and hydraulic flow charocteristi<S.6·

10 
-

15 To try to achieve the 
most C{!QrESSive high flow conditions under rEEiistic field 
conditions, rESidents were instructed to collect all scmpiES by 
slowly opening the cold water kitchen tap until fully open. 
Upon receipt, the S311lpiES were inspected by EPA for visible 
particulate matter prior to delivery to the laboratory. 

For all first-draw S311lpiES, rESidents were instructed not to 
t..re any water throughout the household (i.e., no showering, 
washing clothES/dishES, flushing toilets, etc.) during the 

dx.doi.org/10.1021/es40036361 Environ. &:i. Technol. 2013, 47, 9300-9307 
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First Draw and 45-Second Flushed Samples 
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Figure 1. First round IEa:l rESUlts for all sites. 

---------------- ----·· -----· --· ----

minimum mandatory 6-h stq]nation period. In this study, PF 
s:rnples include a flush of at lEaSt 5 min prior to the mandatory 
minimum 6-h stq]nation period. A NHU s:rnple had no 
preflushing prior to the mandatory minimumstq]nation period. 
Residents were instructed to allow the water to sit motionlESS 
in the hm.rehold plumbing a minimum of 6 h, but not more 
than 24 h, and to record the dates/times the taps were flushed 
prior to the stq]nation period, and the dates/times S3111ples 
were collected following the stq]nation period. First-draw 
s:rnples using both variants (NHU and PF) were collected in 
the first and third rounds of monitoring in March/April and 
Septernber/Octooor, respectively. Additionally, 45-s flushed 
s:rnples were collected in the first round to e.raluate whether a 
s:rond-draw s:rnple more a::curately captured the le.tel of 
corrosion. Three-min, 5-min, and 7-min flushed s:rnples were 
collected in the third round of S3111pling to provide guidanre to 
voluntoors when high lEal le.tels were found (SI Table ST). 
This information can also oo used to provide site-specific 
guidanre on minimum flushing times nea:ssary to redure 
consumer exposure to lEal in drinking water. 

In the first round of s:rnpl ing, a:rll resident collected a N H U 
first-draw S3111ple and then a s:rond-draw ( 45-s flushed) s:rnple 
after allowing the water to run for 45 s. On the s:rond day, 
residents collected a PF first-draw s:rnple and then a s:rond 
45-s flushed sam~le. EPA's current Public Notification 
Handbook advis:s1 residents to run the water 30 s or until 
it turns cold before consuming, if the water has not boon used 
for an unspecified "extended period of time", which can result 
in higher lEal levels at the tap for consumers. It has also boon 
pre.tiously demonstrated that in some situations, this advire can 
caLm residents to consume the worst-cere water sitting 
stq]nant in the LSL.17 (Figure 1) 

Sites 14, 15, 16, and 37 were verified as not having LSLs and 
were excluded from further S3111pling. Site 2 was verified as not 
having a LSL following the June SEquential S3111pling and was 
excluded from the final round of monitoring. The 45-s flushed 
s:rnpling was dis::ontinued following the March/ April S3111pling 
first round due to the prES311re of reverely corroded galvani2ed 
pipe in some of the residenres (SI Figure S4) which reduced 
the inner pipe diareter, restricting water flow and resulting in 
varying volumes of water flowing through the plumbing for the 
same flush time. 

In June 2011 , a:£h resident collected a total of twelve PF 
SEquential S3111ples in one day of s:rnpling. The first PF 
SEquential S3111ple was also the PF first-draw s:rnple for the data 
analysis. All S3111ples were analyzed for lEal, copper, zinc, and 
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iron. The co-occurrenre of the metals, along with plumbing 
details, was used in qualitative c:m:ss11ents to correlate lEal 
results with potential soura:s of lEal in the plumbing network 
(SI Figure 93).4•

10 

In September I Octooor 2011 , a:rll resident collected a N H U 
first-draw S3111ple, and a minimum of 11 PF SEquential 1-L 
s:rnples. Sites with high lEal levels in the pre.tious rounds 
collected an additional 3 or 4 PF SEquential s:rnples, and one 
site with a very long LSL (159ft, 48 m) collected an additional 
9 PF SEquential S3111ples. The additional PF se:quential S3111ples 
were collected to determine the point at which lEal levels 
consistently dropped oolow the AL. All S3111ples collected are 
included in the S3111pling summary with the numrers and types 
of s:rnples collected at a:£h site (SI Table 83). 

Most stq]nation times were relatively consistent ocrOffi most 
sites at ootwoon 6 and 8.5 h, and all but two sites had stC{!nation 
times ootwoon 6 and 9 h 10 min, which focilitated unadjusted 
comparisons (SI Table 93c). 

Additional flushed S3111ples were collected in September/ 
Octooor for high lEal sites in order to provide residents with 
guidanre on minimizing lEal le.tels in their drinking water. 
Recommended minimum flushing times were then estimated 
based on the lEal levels and LSL lengths. ThEse results are 
included in the&lpporting Information, but not dis:;ussed here. 

Sample Analyses. All S3111ples were visually inspected for 
particulate matter prior to delivery to the EPA Chicago 
Regional Laboratory. 83mples were pre:erved upon rEreipt by 
the laboratory using concentrated nitric ocid to pH <2 and held 
for a minimum of 24 h prior to analysis.18 The laboratory's 
Reporting Limits (RL) for lEal, copper, and zinc in drinking 
water s:rnples, using EPA Method 200.8, are 0.5, 1, and 10 IJg/ 
L, respectively. The laboratory's RL for iron in drinking water 
s:rnples, using EPA Method 200.7, is 80 IJg/L. Additional 
laboratory information is included in the Supporting 
Information. 

1111111111111111 

Both Variants of the First-Draw Protocol Significantly 
Underestimated Peak Lead Levels, and the NHU First
Draw Protocol Yielded Higher Results Overall than the 
PF First-Draw Protocol. The 90th percentile lEal values for 
all three rounds of first-draw S3111pling using both variants were 
slightly higher than Chicago's historical complianre results, but 
still fell well oolow the lEal AL (SI TableS4b). Only 2% of the 
total numrer of first-draw S3111ples (3 of 151) exreeded the AL 
de;pite the pre:enre of lEal le.tels well above the lEal oction 

dx.doi.org/10.1021/es40036361 Environ. &:i. Technol. 2013, 47, 9300-9307 
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Comparison of System 90th Percentile Compliance Data with 
Sequential Sampling 90th Percentile and Maximum Values 
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Figure 2. Comparison of 90th r;ercentile LCR compliance data to 90th r;ercentile values from LSL s:mples (ocro:s sites by liter) and rrnximum 
values from LSLs. The green dashed line indicates the avercge 90th r;ercentile compliance monitoring value for Chiccgo between 1999 and 2010 of 6 
J-lg/L 
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Figure 3. LSL results were highly varicble within a:d1 LSL and from site to site. Error tars represent 1 standard deviation. 
-·---- ·---··--······-·-·--·-·-··-----···--···--·---·-------····--------------

le.tel within the s:lrvire lines as indicated by the 45-s flushed 
rESUlts in the first round of monitoring and SEquential S31llpling 
rESUlts in the SErond and third rounds. 

In contrast, if the 90th perrentile value of a:dl of the 
suro:ssive se:quential liter S31llples from the LSL.s is computed 
ocross all scrnpling sites, the lead levels were up to four times 
higher than ChicqJo's average 90th perrentile value using FD 
scrnples. Some pESk values for a:dl SEquential liter calculated 
ocross all scrnpling sites were over twire the lead ALand up to 
six times higher than the regulatory complianre data (Figure 2). 
In sumrrnry, 69 of 336 (21%) of the individual SEquential 
scrnples collected in June and 75 of 319 (24%) of SEquential 
samples in September/October exreeded the lead AL, 
indicating that current scrnpling protocols will often consid
erably underestimate the pESk lead le.telsand overall mobilized 
rre;s of waterborne lead in a system with lead s:lrvire lines. 

The NHU results were nui'TBrically higher overall than the 
corresponding PF values for most sites, but the diterences were 
not statistically significant. The PF first-draw protocol produced 
lower individual results than NHU first-draw protocol in 23 of 
32 scrnple pairs in March/April, and 20 of 27 scrnple r:airs in 
Sapt/Oct (SI Table S4a). Although NHU first-draw S31llples 
were collected without directing the residents to flush the tap 
prior to the stagnation period, NHU can involve showering, 
washing dishes, or doing laundry a short tii'TB prior to the 
stagnation period, which could clear the lead from the pipes 
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similar to preflushing the tap. Thus a NHU scrnple can be 
etectively the S8I'TB as a PF scrnple and yield similar results. 
Sinre the se:quential S31llpling results from thes:l S8I'TB sites 
show that there is much higher lead pre;ent within the LSL at 
the S8I'TB tii'TB that the NHU and PF first-draw scrnples were 
collected, it stands to ra:son that if the NHU octivitieswere not 
undertaken, and a larger scrnple s:lt were Us:ld, the NHU 
scrnples would yield results that were statistically higher than 
the corresponding PF scrnples. The distanre from the kitchen 
tap to the bEginning of the LSL wa:; highly variable, ranging 
from approximately 3 to 87 feet (0.9 to 27 m), and the 
rn=:asured LSL lengths ranged from 43 to 159 feet ( 13 to 48 m). 
Conse:quently, for sites with shorter total plumbing lengths, the 
initial and final SEquential S31llples would include relatively 
uncontaninated water from the water main following the 5-min 
tap preflushing. Thes:l S31llples would contain little to no LSL 
lead contribution, consistent with plumbosolvency and radial 
diffusion/flow principles.5•

19
•
20 A targeted LSL S31llpling 

protocol isolating only LSL contoct water would likely yield a 
higher perrentage of rESUlts above the lead AL for systems with 
Pb( II) pipe s::ale chemistry, but the specific location of the peak 
lead levels will nocess3rily vary with premis:l plumbing 
configurations. 

Seasonal Variability. In a site-by-site comr:arison, lead 
concentrations were higher in Sapt/Oct than in Mar/Apr or 
June, with the starkest statistical diterenre between first-draw 

dx.doi.org/10.1021/es40036361 Environ. &:i. TechnoL 2013, 47, 9300· 9307 
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Figure 4. Avera:Ja lead le.tels at disturb:d and undisturb:d sits Error tars repre::ent 1 standard deviation. 
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NHU S31Tlplescollected in Mar/April and Sapt/Oct (p = 0.03 
for two-tailed paired Student's t-test). Overall, 68%and 69'/oof 
NHU and PF first-clratv scrnples, respectively, were higher in 
Sapt/Oct than in Mar/Apr, while 55% of paired saquential 
scrnples were higher in Sept/Oct than in • .lme. SEasonal 
variation in IEEd le.tels consists of multiple contributing foctors 
from the sourre water through the prernire plumbing which 
could not be precirely isolated in this study, but the results in 
this study are consistent with other findings on sa:sonal 
variability (SI Table S6d).21 Factors include (1) water 
temperature, (2) water chemistry variation, and (3) fluctuations 
in water~ for Sapt/Oct versus • .lme, which could incra:se 
or decra:se IEEd le.tels.22

•
23 

Lead Concentrations Vary Throughout Each Individ
ual LSL and among Different LSLs Across the System. 
There was a high degree of variability in saquential scrnple 
results at most sites, some of which could include a particulate
bound component cs reflected in spikes in some saquential 
scrnpling results (SI Figures S9-S40). For most sites, no 
individual scrnple result from within the LSL can chara:ieri:ze 
the IEEd conrentrations at the site. Within the complete 
scrnpling profile results, IEEd levels at most sites ranged from 
well below to well above the AL (Figure 3). Under the LCR, 
this would rn:m that a system would rn:et the action le.tel and 
have no additional regulatory rEquirements or would 6<cred the 
AL and be required to implement additional requirements, 
depending on which scrnple result is selected as the complianre 
scrnple. The variability within sites and betwEen sites is similar 
in trend to that found in several other studies reporting 
saquential S31Tlpling conducted in water systems with difffent 
corrosion control strategies and chemistries from 
CDWM.1,4,10,12,14,15,24 -21 

Additional complianre data from a recond large utility (City 
B) which 6<creded the IEEd AL and conducted scrnpling usi~ 
the temperature change LSL scrnpling protocol in the LCR, 
yielded similar variability acra;s the system (SI Figure S8 and 
Table S9). A total of 1975 LSL sites were S31Tlpled, with 1762 
results (89'/o) below the IEEd AL; 128 results (6.5%) from 16 to 
30 IJg/L; 57 results (2.8%) from 31 to 50 IJg/L; and 28 results 
(1.4%) betwren 51 and 580 IJg/L This LSL S31Tlpling protocol 
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is similarly vulnerable to low bicses, although many results were 
considerably higher than the AL (SI Figure 88). 

Factors Affecting Lead Levels. The majority of high IEEd 
results occurred at sites with a documented physical 
disturbanre of the LSL betwren 2005 and 2011 (Figure 4). 
The octual ooent to which the LSL was physically disturbed is 
unknown for all sites, and the records of disturbances are l:esEd 
on information provided by CDWM and by the S31Tlpling 
voluntoors (SI FiguresS9-S40). 

For the purpore of this study a physical LSL disturbanre is 
defined cs a meter installation or replocement, autorneter
reader (AMR) installation, rervire line look repair, ooernal 
rervire shut-off valve repair or replocement, or significant street 
6<cavation directly in front of the horne that could disturb the 
LSL An "undisturbed" site is an unrnetered site where neither 
the CDWM nor resident have a record or recollection of any 
disturbanre, cs defined above. A third category, "indetermi
nate'', is ured for throo sites where CDWM has no record of any 
LSL disturbanre, and the resident did not provide a response cs 
to whether there has boon any LSL disturbanre. Cra;s.checking 
was important becaure information provided by volunteers in 
some ccses contradicted CDWM records, and upon further 
investigation, the records were found to be incomplete and 
were corrected, which resulted in reclcssification of the site. 

Of the 13 disturbed sites, 11 sites had 3 or more saquential 
scrnpling results above the IEEd AL, two sites had 2 results ESCh 
above the AL, and one site had no results above the AL Of the 
16 sites with no known disturbanre, only three sites had any 
results above the IEEd AL In the remaining 3 "indeterminate'' 
sites, 30 of 81 S31Tlple results (37%) were above EPA's IEEd AL 
(Table 2). 

A rerent AWNA publication on the state of water 
infrastructure highlights the nood for major infrcstructure 
work.28 This nro:ss3ry infrastructure work will potentially 
incra:se the incidenre of darraJe to the protectives::ales within 
LSLs cs this work is performed. lne.titably, thEre physical LSL 
disturbances will continue to occur with incra:sed frEquency cs 
part of daily routine water system maintenanre and nonwater 
related community infrastructure work. 

dx.doi.org/10.1021/es40036361 Environ. &:i. TechnoL 2013, 47, 9300-9307 
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Table 2. Lead Results for Disturbed, Undisturbed, and 
Indeterminate Sitesa 

disturbed sites undisturbed sites indeterminate sites 

no. no. no. 
no. no. above no. no. above no. no. above 

sites samples AL sites samples AL sites samples AL 
13 327 117 16 372 6 3 81 30 
% samples over AL: % samples over AL: 2'/o % samples over AL: 

36% 37% 

a Most la3d results c:OOve the AL were found at sites with LSL 
disturtances. Additioral results c:OOve the AL were also found at sites 
where the status of the LSL (disturbed or undisturbed) could not re 
confirmed. Sites without LSL disturtances ha:l few if any results above 
the AL. 

Possible Implications of Water Conservation and Use. 
Information provided by CDWM and voluntrers anecdotally 
St..q:JESts that low water ~ may alro play a role in high lEa:! 
le.tels at rome sites. Of the four locations with the highest 
averqJeiEa:llevels, three (Sites 1, 29, and 10) had documented 
low water l..l!:aJ8. Site 1 had averqJe monthly water ~ of 
3444 gallons (13037 L) which does not appe3r to be low 
~- Howe.ter, information provided by the resident indicates 
that the majority of the monthly water~ occurs during a 
relatively small number of days during the month when there is 
a high volume of water l..l!:aJ8. Site 29 had averqJe monthly 
~ of 1826 gallons (6912 L), and Site 10 had an averqJe 
~ of 1438 gallons/month (5443 Llmonth). For compar
iron, the mean single-family household water usage is 
approximately 8582 gallons/month (32486 L/month), with a 
sizable standard deviation.29 

In two locations (Sites 17 and 5), lEa:! le.tels c:lEcrecsecl with 
an incra:m in water ~- fls water ~ approximately 
doubled at Sites 17 and 5, maximum lEa:! levels from 33Cjuential 
s:rnpling c:lEcrecsecl from 25 to 5.51Jg/L and from 17 to 121Jg/ 
L, respectively. Although this represents a small set ofs:rnples, 
thEre observations support the idEE that higher lEa:! le.tels can 
be a:;sociated with low water ~.30 

Extrapolating from prior rESEErch suggests the flEre)Sity of 
consistent flow to deliver corrosion inhibitor efi::ctively into 
pa:sivating filrns,31 and correlates incra:md inhibitor dosages 
with reduced lEa:! reiEaSe.10

·
32

-
35 Low water l..l!:aJ8 may inhibit 

hEEling of the da"rlq:Jed s:::ales, and influence the rate of galvanic 
corrosion. Water ~ efi::cts cannot be separated from other 
s.:a:onal eficts in this study, but prior literature and the 
combined 33Cjuential graphs showing entire profiles shifted up 
or down from the • .lme to Sapt/Oct s:rnpling suggest further 
investigation is warranted (SI Figures S9 -540). fls conserva
tion efforts incrEaSe, it will become incrEESingly important to 
conduct further rESEErch on the relationship between water 
~ and incra:ses in lEa:! le.tels. 

The results in this study alro indicate that more appropriate 
flushing guidance must be developed, l::a:ed on neighborhood 
and premise plumbing characteristics, and whether a horne ha5 
a LSL or not. Much of the current published and web-l::a:ed 
flushing guidance inadvertently incrEESes the risk of exposure to 
elevated lEa:! levels by ciEEring an insufficient anount of water 
volume.17 Even fully flushing LSLs may only lower lEa:! levels 
to a limiting, mEESUrable lEa:! le.tel, that relates to the 
plurnbo9Jivency of the water, the flow rate, the length and 
internal diameter of the pipe,5 -

7
•
10

•
19.2° and possibly efi::cts of 

prior disturbances (SI Table ST). 
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Risk Identification and Management. RErently, CDC 
issued a hEEith alert cmx;iating hi~her eltvated blood lEa:! 
le.tels with partial LSL replcrnrrent,3 and alro concluded that 
LSLs were an independent risk foctor for elevated blood lEa:! 
le.tels e.ten when IEB:lle.tels in drinking water met the LCR lEa:! 
AL of 0.015 rng/L.37 fls highlighted in this study, LSLs can 
contribute high lEa:! when they are disturbed in many diferent 
ways, not just due to partial LSL replcrnrrent, and water t..1!:aJ8 
may also play a role in the resultant high lEa:! le.tels and 
potential incra:md human exposure. In an August 2012 update 
on lEa:! in drinking water and blood IEB:lle.tels, the CDC notes 
that "Tre rm:nt 1BD Ill B rdaticrs fran tre CDC AdvisJry 
Cmmittre m Childhood LEa:! FbisJning Pramtion to rEdUB or 
eliminate lEad SJUm:s br dlildrm l:efore trey are e<rx;a:d 
ul"ldars:Dre tre rm::l to rEdUB lEad an:mtraticrs in drinking 
water as rn.dl as r:asible'' .38 

fls the ultimate human and environmental hEEith goal, LSLs 
should be completely removed where possible. The stability of 
the protective &:ales within LSLs depends on many foctors 
which can change over time. For exanple, changes to water 
quality or trEEtment have resulted in hi~h lEa:! le.tels over a 
sustained period of time (yEErs).10

·
39 

-
4 Under the current 

regulatory frcm:mork, eltvated lEa:! le.tels from disturbances, 
water quality, trEEtment, or water t..1!:aJ8 changes can potentially 
go undetected for up to 3 yEErs between LCR compliance 
monitoring periods, which can result in incra:md public 
exposure over a significant period of time. 

Proper selection of s:rnpling sites, S311lpling protocol, and 
other site conditions is critical for evaluating the amount of lEa:! 
corrosion and relEaSe that is occurring in the distribution 
system. Suca:ssful optimization of the plurnbo9Jivency trEEt
rnent depends on an accurate understanding of the corrosion 
mechanisms, pipe s:::ale mineralogy and structure, and the 
COn33CJuences of LSL disturbances and water conservation 
efforts. No published studies could be found that systematically 
investigated the tirne and inhibitor doses/water quality 
adjustments na::eE3ry to overcorne the disturbances and 
damage to the lEa:! pipe &:ales that will be routinely occurring 
throughout cities across the U.S., as long as full or partial lEa:! 
service I i nes remain in service. 

Analyse; of the Chicago LSL s:::ales by EPA (to be reported 
els=mhere) revEEI that the surfoce coatings on both lEa:! service 
line and galvanized interior pipes from CDWM are primarily 
composad of amorphous aluminum, calcium, and phosphon.& 
rich deposits, and not crystalline lead(ll) (or zinc)
orthophosphate phaxs that are predicted by conventional 
divalent lEa:! plurnbo9Jivency theory for orthophosphate 
dosing.10

•
33.42 An understanding of the &:ales is ESSential to 

study and implement proooclures and strategies for efictive and 
tirnely repair of the protective s:::ales damaged by LSL 
disturbances, and to minimize the public's exposure to high 
lead levels that can result from damaging the scales. 
Experimental evaluations are critical when s:::ale compositions 
fall outside the s:;ope of well-understood predictive corrosion 
control practices. 

1111111111111111 r,~,,,,A.AJi 
* Supporting Information 

Additional background information, tabular summaries of 
s:rnpling results, and graphics. This material is available free 
of charge via the Internet at http:/ /pubs.acs.org. 
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The occurrence of particulate lead in drinking water deserves increased scrutiny. 

This is especially true because models of human exposure to lead, sampling 

protocols, analytical methods, and environmental assessments are often based on 

the presumed dominance of soluble lead in drinking water. Recent cases of childhood 

lead poisoning were tied to solder particles that detached from the plumbing and 

contaminated the potable water supply. In cases such as these, common sample

handling procedures can "miss" particulate lead present in water samples. In some 

instances, the actual amount of lead present in drinking water samples may be 

five times higher than that obtained using approved protocols. The presence of 

chloride, warmer temperature, and lower pH in the human stomach may render a 

significant fraction of this "missed" particulate lead as bioavailable when ingested. 
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he safety of a com -

monty used con -

struction ta;hnique 

for getting the lead out of 

drinking water-digging up 

old lead water pipes ("~rvire 

lines") and replacing a por -

tion with new copper pipe

ha:; been debated for many 

years. At best, critics charge, 

this ta;hnique may waste mil -

lions of dollars by fai I i ng to 

reclure lerels of lead in drink -

i ng water. At worst, the par -

tial replarement ta;hnique 

can ta;kfi re and sull:rtantially 

i ncrea:e lead lerels for months 

or longer. The Centers for 

Flint FOIA Production 12-120000061 

Diseeee Control and Preren

tion (CDC) rerently warned 

public health officials that 

new agency findings suggest 

partial replacement of lead 

S3f'Vire lines may be linked to 

an increa:ed incidenre of high 

blood lead levels in children. 

Some drinking water experts 

are now saying the CDC and 

the U.S. Environmental Pro -

ta;tion Agency (EPA) should 

consider jointly recommend

ing a moratorium on partial 

~ire line repla:ernent l:l:sad 

on this new information. 

To understand the potential 

impact of partial lead ~ire 

ED_000838_00000670-00002 



R:xction to theS:>Iution 

line repla::ement, Virginia Ta::h environ -
mental enginrer Marc Edvvardssuggests 
an analogy with la:d paint. "We all under -
stand that lead paint bEromesa hazard 
if it's disturbed," he says. "Our rES:Srch 
indicates that doing a partial [lead] rervire 
line repla:E111811t is analogous to crffiting 
asourreof lead dust right in your home, 
where it is very a:x;e;sible by children. The 
'dust' in this ca:E, which is in the form of 
lead rust on the pipe, builds up contin
uously O\ef tirre. If and when it comes off 
[the pipe], the amount of la:d [in drinking 
water] can vastly exceed hffilth standards." 
Hea:lds, "But instead of re:~lizing this is a 
potential hazard, horrrowners have a false 
rense of s:rurity, b:caus3 they are told that 
partial servire line repla:E111811tsare being 
conducted to improvethesituation." 

"There is no doubt that partial lead 
servire line repla:E111811ts can result in sig -
nificantly elevated levels of la:d in tap water 
and that this contamination can continue 
for ~sand months, particularly in situa
tionswhere [drinking vvater] corrcsion con
trol is not optimized," says EPA chemist 
M ictrel &hock. "Why and where tl"lelre 
high levels oocur is still the topic of res=arch, 
but their occurrenre is feet." 
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The EPA started regulating lead in tap 
water in 1991 in thevvakeof numerous 
he:llth studies that linked lead in drink -
i ng water to cases of severely elevated 
blood lead [s:e "Out of Plumb: When 
Water Treatment Causes Lead Contami -
nation," EHP 117:A542-A547 (2009) 
and "Exposure on Tap: Drinking Water 
a:; an Overlooked Sourre of Lead," EHP 
118A68-A74 (2010)]. Water companies 
generally try to keep la:d levels low by con -
trolling water chemistry; vvater that is too 
corrcsive can I i berate more la:d from pi pes 
and solder. But if tap vvater la:d levels con -
ti nue to exceed the oct ion level of 15 ppb 
after corrcsion control is implemented, 
the federal Lead and Copper Rule (LCR) 
requires water utility companies to begin 
replocing la:d servire lines. 

Initially the LCR required the replare -
ment of the entire la:d pipe, both the pub -
licly and privately owned sa::tions. But 
requiring water utilities to remove privately 
owned lead rervire lines raised constitu -
tiona! and legal issues in terms of private 
property and eminent domain. A 1994 
challenge in the DC Circuit Court by 
the American Water Works krociation 

(AWWA) limited the EPA's jurisdiction to 
just the public portion of theservire line. 
As a result the LCR wa:; revised in 2000 to 
allow for partial rervire line repla:E111811t, 
although utilities may offer horreowners 
the option of replocing their portion of the 
line at the homeowner'sccst. 

This change wcs bocked by the EPA's 
interpretation of field studies that exam -
ined the impoct of partial repla::ement, 
ax:ording to EPA spokeswoman Enesta 
..bnes. She explains that the I imited num -
ber of atailablestudiesall eventually found 
that la:d levelsda::lined after the OON pipes 
'v'\.ere installed. 

Jeff Kempic, tfffitment ta::hnology and 
ccst team leader with the EPA Offire of 
Ground Water and Drinking Water, notes 
that vveighing the relative benefits or disad -
van~a:EOCiated with partial servire line 
replarement is a ta:>k that extends beyond 
the EPA's control. "The vast majority of 
partial la:d servire I i ne repla:E111811ts occur 
on a voluntary ba:>isand are not covered by 
the LCR requirements," he says. 

In the United states la:d servire lines 
are most pretalent in the older cities of the 
Northeast and Midvvest. Their installation 
wcsoctually required by plumbing codes in 
U.S. cities through the 1950s, and in sorre 
pla:Estheyvvere installed up until Congre:s 
impce:d restrictions on the la:d content of 
plumbing in 1986. The 1990 report Lffid 
S:rvire Line R:;plcr:HTmt: A P.erefit-fo-Ca:i 
Analy;is, prepared for theAWWA, provides 
the most ra:Bilt estimates for the amount of 
la:d plumbing in the United states: approx
imately 3.3 million lead rervire lines and 
6.4 million lead conna::tions (curved pioo:s 
that join one pipe to another). Today, there 
couldstill bemillionsof U.S. homes with 
la:d servire I i nes. 

Although numbers vary dramatically 
from city to city or even from home to 
horre, a national survey conducted a:; 
part of a Water RES:Srch Foundation 
(WaterRF) proja::t and published in the 
2008 report Contribution of S:rvire Line 
and Pfumbirg FixtulfS to Lffid and Cq:fH 
Rule Compliarre /sx.x:s found the~ 
total length of servire lines wa:; 55-68 fret, 
with 25-27 fret of that length controlled 
by the water utility. Theccst of replocing 
the customer portion can a:ld up to s=veral 
thousand dollars, and fe.N customers do so 
voluntarily, ax:ording to theAWWA 

Providenre Water in Rhode Island 
is currently required to replare 7% of its 
26,000 la:d servire linesa:ch ya:~r to com -
ply with the LCR. Water companies also 
may voluntarily replcre large numbers of 
la:d servire lines a:; a pra:ctive ll'lE'ESUre to 
ensure water quality. Louisville, Kentucky, 
is replocing la:d servire lines voluntarily at 
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an annual cost of $1.5-2 million, a::cord -
ing to 2008 figures from the Louisville 
Water Company. 

But Wcshington, DC abandoned an exten
si"~.eand expensi'l.e ltacl rervire line replcre -
ment program in 2008 in part due to data 
indicating partial replarement caured 
higher levels of lead in drinking vvater for at 
lexst several months, a::cording to Grorge 
HaNkins, general mancger of the District 
of Columbia Water and S:Mter Authority, 
Wcshington, DC'swater utility. The dis -
trict now do:s r:artial rervire line replcre -
ments only when road repair or a broken 
water main nerex>itatessuch work, says 
HaNkins. In these caxs the water comp:~ny 
provides filters and monitors homeowners' 
drinking vvater for 5 months. 

A 1992 report for the UK Dep:lrtment 
of the Environment titled E.a:ranicsof l..£a:J 
Pir;eR;plcmrmt noted that in theory, when 
a ltacl pipe is p:~rtially replcred, the amount 
of lead in vvater should be redured OO:are 
there is le»exparreof ltacl in contact with 
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thevvater. But pra::tical experienre "shOVIIS 
an unexpected rise in rn:asured lead levels 
after the repla:anent hcs been carried out," 
stated the report. "The estimates for the 
duration of the ot.rerved rise vary from 4 up 
to 18 months." 

One explanation for the spike is that the 
replcrement work disturbs the pipes and 
knocks off ltacl-bearing pipes::ale (built -up 
minerals that coat the inside of the pipe). 
In addition, "r:artial replarements using 
copper piping can result in thecre:ll:ion of 
a galvanic rei!," states the UK report. "This 
chemical rei I can exarerbate the problem 
of plumbcool'l.ency [lead rele::se] and gi'l.e 
rire to incre::sed and erratic levels of lead 
ot.rerved at the tap. The effa::t can be per -
sistent and may well annul any beneficial 
effa::ts of reducing the length of lead pipe 
in thesystem." 

G31vaniccorrcsion is an elairocl'ani031 
prc:o:ss in which a metal corrodES when it is 
in contoct with a different metal and both 
are immerred in an electrolyte. Galvanic 
corrcsion creates the voltage in car batteries. 
This potentially po'v'l.efful electro chemical 
phenomenon isaloo ured to extend the life 
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I ~tion to the~ution 

of steel water ha:!ters through the ure of 
sccrificial anode rods, oo named becaure 
they are designed to dissol\e and thereby 
protect other metal I ic parts; the s:crificial 
rod corrodes, not the water tank. 

When copper water pipe is connected to 
lead vvater pipe, standard electrochemistry 
indicates the lead pipeshould be more sus -
reptible to galvanic corrcsion. If corrcsion 
is significant and long -la5ting, it would sig
nificantly add to lead rele::se. "The pa:sible 
role of galvanic corrcsion in the reiE:a:E of 
lead to water wes recogn i:zed o\ef 150 ya:H'S 

cw, although we don't fully understand the 
conditions that promote or deter it," says 
Simoni Triantafyllidou, a graduate student 
in Edwards' Iabat Virginia Tech. 

In volume 35, i93lle5 (1981) of the.b.Jr
nal of tte lrt:iitution of Water Err;Jirrersand 
Ebientists, A. Britton and W.N. Richards 
described a number of examples taken from 
&x>tland, where high prevalenre of lead 
water pipes, lead water tanks, and natu -
rally corrcsi"~.ewater caured long -standing 
problerrs with high levels of ltacl in drink -
ing water. They studied 195 houreholds 
in Gla:gow, 186 of which had oome lead 
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water pipes. The 69 hoLrehold5 with mixa:l 
!tad and copper piping vvere more likely to 
ha\.e high levels of ltad in their tap water. 
"Occa:;ionally the irrertion of copper pipe 
can produce particularly bad results and 
dffipitesatisfactory pH control it may be 
impa:Eible to obtain any satisfoctory s:rn -
pies," they wrote. Ironically, this is one of 
the studies usa:! by the EPA to support 
partial s:mtice line replcrements, notes 
Ed\f\.afd5, who add; that other re:mrchers 
in England, most prominently Oliphant 
and Gregory, nota:! that in many waters 
~ious lea:! contamination wes calred and 
influenre:l by galvanic corrosion. 

More recently, motivated by elevat -
a:! levels of drinking water in Greenville 
and Durham, North Carolina, which 
appear to be related to water treatment 
changes that increa:Ed the ratio of chlo -
ride to sulfate in drinking water, Ed\f\.afd5 
and Triantafyllidou have been conduct -
ing experiments that evaluate galvanic 
corrosion by measuring eiE£trical current 
betwren joina:l copper and lead pipes and 
also by measuring reiEe:e of dis:olved and 
particulate ltad. "We ha\.econfirma:l that 
a high chloride -to-sulfate l'l1<'l» ratio can 
trigg31" galvanic corrosion of ltad solder and 
rela:re hazardous levels of lea:! into drink -
ing water, consistent with early English 
studies," S3'y'S Triantafyllidou. "We believe 
this explains theelevata:llevelsof ltad in 
Greenvilleand Durham." 

The chloride-to-sulfate l'l1<'l» ratio can 
chang= in treata:l drinking water due to 
a chang= in ccagulant chemicals usa:! to 
remove organic matter, as occurred prior 
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to spikes in water ltad in GrEEnville and 
Durham. Other foctors that could incra:re 
this ratio include read salt entering a water 
supply from runoff, desalination, anion 
exchang= treatment, or brine from sodium 
hypochlorite g=nerators (Lred to disinfEct 
drinking water) leaking intoawatersupply. 

In contrast to Edwards and Trianta
fyllidou'sgalvaniccorrosion study, which 
wes funda:l by WaterRF, another WaterRF
funda:l experimental study conducta:l by 
consultancy HDRand publisha:l in March 
2010 found that lead relecre due to gal -
vanic corrosion wes short -I ived and tran -
sient. "Both proje£ts recommended that 
more research be done in this area to better 
understand the short- and long-term effEcts 
of galvanic corrosion, as~Atell as water qual -
ity effEcts that both excrerbate and mitigate 
galvanic corrosion," S3'fS WaterRF projE£t 
rnanag=r Trcci Cere. "For now, v-.e know 
that galvanic corrosion lead; to lead rela:re 
after p::~rtial [ replco:rrEnts]." 

Schock and M ichrel DeS:Mltis, a miner -
alogist with EPA contrcctor Pegcsus T E£h -
nical ~rvices, have been examining old 
connE£tions between ltad and copper or 
lead and b!CBS to lcok for signs of galvanic 
corrosion. Their preliminary examination 
of more than a d02e11 decacles-old pipes wes 
preoonted at the AWWA Water Quality 
TE£hnology Conference in November 2009 
and has reveala:l clear examples of galvanic 
corrosion. "Wes:ecorrosion very locally at 
lea:! junctions," S3'y'SSchock. "The minerals 
forma:! on some of the lead sides of the 
connE£tionsshow that locally the ltad can 
be hundred; of milligrams per liter, but \Ate 

can't tell how long it persists or how much 
of the high lea:! g=nerata:l there [g=ts] into 
the water." But they have also found pipes 
where corrosion is minor as v-.ell as joints 
where the ltad c;:>pears stable and the cop -
per has corroda:l. 

"There are many waters in which v-.eare 
sure that galvanic corrosion is not a prob -
lem," S3'y'S Ed\f\.afds. "But our lab data show 
that the worst c:c:se can be quite bad. When 
problems occur, they can be very hard to 
detE£t due to erratic rela:re of lea:! s::ale at 
the [!tad-copper] joint. More re:mrch is 
neaded to understand the iffiUES arociata:l 
with sloughing off of lead s::aleand gal -
van ic corrosion," he S3'y'S. 

Signs 
In J:lnuary 2010 the CDC announced the 
findings of an unpublished epidemiologic 
study suggesting a relationship between 
elevata:l blood !tad levels in children and 
p::~rtiallead ~vice line replcrements. A 
notice publ isha:l on the ag=ncy's Vltebsite 
(http:/ /www.cdc.gov/nceh/ltad/waterlines. 
htm) advis:s public health mancgers that 
customers should be informed when partial 
ltad ~ice line repla:E111e11t occurs so they 
can take steps such as flushing taps and 
cleaning reratorsafter ~vice line disrup -
tion. The CDC notice dces not addi"E$ 
how long after the~ice line repla:E111e11t 
taps should be flushed or how many min -
utes the tap should be flushed at E:'Eeh ure 
before using the water. 

The notioo, written by Howard Frum -
kin, CDC's former director of the National 
Center for Environmental Health, says the 
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study's preliminary results suggest that 
when the public portion of a lffid rervice 
line is replaced, children are more likely 
to have blood lffid levels of 1 0 IJg/ dl or 
higher, oompared with children living in 
housing with undisturbed lffid rervice lines 
or nonlffid rervice lines. The epidemiologic 
study of children living in Wcshington, 
DC, is undergoing peer re.tiw, and publi -
cation in a scientific journal is anticipated. 

"It is important to share there prel imi -
nary findings with the nation'schildhood 
la:d pois:ming praention ma~ to pro -
videguidanceabout leadsafewater practices 

in homeswith la:d-l:m:dwater lines or la:d 
solder following plumbing work includ -
ing water ~vice line replacement," says 
CDC spokeswoman Bernadette Burden in 
explaining why the agency issued the notice 
in a:lvanceof the r:aper's publication. 

"There have always been doubts about 
the benefits of p:~rtial rervice I i ne replace -
rnent," says Alan Roberson, director 
of s::curity and regulatory affairs for the 
AWWA. "The CDC study is the first I 
know of that links partial replacement to 
~hEalth effEcts, but there neN find -
ingsappEBr to confirm the existing, long -
standing doubts." 

Jim Elder, who hEBded the EPA drink -
ing water program from 1991 to 1995, says, 
"Given there data, CDC and EPA should 
jointly ra:;ommend a moratorium on p:~rtial 
rervice line replacements." 

Roberson cgre:s that a moratorium 
makes~. Following an October 2008 
EPA meeting that discum:l possible long -
term revisions to the LCR, AWWA rep -
resentatives submitted oomments to the 
~Y stating that "cggre:siveand expen -
sive [IEBd ~rvice line] replacement pro -
grams which do not result in exposure 
reductions and may in fact result in expo -
sure incra:s:5 over the short -term s:em to 
bean inappropriate allocation of limited 
funds. The primary role of [ lffid ~vice 
line] replacement in the LCR appEars to 
be as a regulatory 'hammer,' and ba:a:l on 
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available I"ES'Bfch, it appEars to be a ham -
mer with previously unanticip:lted risks 
that are inappropriate for the LCR." 

The EPA has committed to re
evaluating its regulations that cover partial 
leadrervice line replacement. In testimony 
beforethe~eEnvironmentand Public 
Works Committee in late 2009, EPA Assis 
tant Administrator for Water Peter Silva 
oommitted to finalizing long-term re.tisions 
to the LCR by 2012. "But to meet that 
timetable with mEaningful proposals, EPA 
should be doing res::arch and fact -finding 
to sum up the current situation and look 

into options," says Roberson. "There are no 
indications as far as I'm 8\f\.arethat they are 
doing this." 

effE:cti\.€11€$ of this solution would 00per1d 
on the composition of the bra:l3 alloy l.IS3d 
and the pH of the water. Edwards also 
says the tm of some sort of nonoonducting 
dielretric might be beneficial. Existing pipes 
can also be lined with epoxy rESin, although 
such lining has not been tried on a large 
s::ale in the United States. 

In the United Kingdom, whereapprox
imately 40% of homes have lffid pipes, 
r:artial rervice line replacement is not wide
sprffid, a::cording to corrosion expert Colin 
HayesofSvvans:e University. "Theempha
sis in the UK has been on the optimiza -
tion of corroctive water treatment, most of 
which includes dosing orthophosphate," 
Hayes says. He says the suc:o:ss of corroc -
tivewater trEBtment has much reduced the 
neEd for la:d pipe repla::erra1t in the short 
term; in England and Wales, 99.77% of 
scrnples in 2008oomplied with the current 
EuropEan lead standard. 

Hayes says UK systems use relatively 
high levels of orthophosphate-about 
3 times the levels Lred in the United States. 
However, in the United States, concerns 
about incrEBSing levels of phosphate loading 
to the environment might limit this option. 
Orthophosphatedcsing has not been impli
cated in such problems in the United Kill§ 
dom, Hayes says, although he acknowl -
edges that "els:where in Europe there have 
been environmental concerns about using 
orthophosphate-mostly unfounded-and 

Everyoneconta::ted by EHPfor this story, many water oompanies have been replacing 
including EPA sources, cgre:s that fulllffid their lffid connretion pipes but not thc:ae 
rervice I ine replacement is preferable to lffid pipes owned by consumers." 
p:~rtial replacement. However most believe A potential legal solution might be to 
the financial and legal impediments to stop r:artial rervice line replacements and 
full replacement are difficult to surmount. insta:d re::JUirefull replaanent when prop -
When p:~rtiallffid rervice line replacements erty changes hands. Analogous steps are 
occur, the tap should be flushed; utility currently taken to corrret problems with 
recommendations vary from 15 minutes to underground fuel oil tanks in some states 
1 hour of full -flow flushing immedately such as Wcshington. 
after r:artial ~rvice I i ne replacement. After "Taken as a whole, the data suggest that 
wards, residents should tm "point -of-tm" galvanic corrcsion can oocur, but \t\e don't 
home water filters that are certified under know enough about thespreific conditions, 
National S:lnitation Foundation/ American the s:ale on which it occurs, or what caus:s 
National Standards Institute (NSF/ANSI) worst-ccreeffocts," says Schock. "Having 
Standard 53 for both p:~rticulateand dis - said that, it is hard to s:e how any public 
solved lead (or NSF/ANSI Standard 58 ~ycouldjustifytothepublicpurpo:Eiy 
for reverse osmosis systems), a::cording to IEBVing even r:art of the lffid pipe in the 
Schock. Kempic says one of the long -term ground. Advising people to tm a fi Iter and 
LCR revisions currently under consider - flush their taps following p:~rtial replace -
ation at the EPA isare::Juirement that water rnent should help. This issue definitely cuts 
filters be supplied to homes where partial across public hEalth, scientific, trehnical, 
rervice line repla::erra1t oocurs. and legal issues. It would be great to s:e 

Sincegalvaniccorrcsion re::JUiresconta::t collaboration among there disciplines and 
be~ metals, there may be a fairly simple across cglllCies to figure this out." 
engineering solution-the use of a lo I.Y="'------------
bra:l3 connretor might put enough distance 
be~ the lffid and oopper to reduce the 
oorrosion, says Edwards. However, the 

Rebecca Renne,rPhD, of Williamsport, PA, is a long-time 
contributor tii'H"andEnvironmental S:;ience & Technology 
Her work has also appeared in S:;ientific AmericaoS:;ienCE~ 
andSalon.com 
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